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ABSTRACT

The chemical modification of a poly (vinylmethyl-co-methyl) silazane with transition metal
acetates, acetylacetonates and chlorides complexes was performed by the polymer-derived
ceramic (PDC) route, followed by pyrolysis at different temperatures under the same
atmosphere for an in-depth investigation of ceramic formation. The obtained materials were
characterized by thermal stability, elemental/phase composition evolution, and crystallization
behavior. Results show that the Si:Metal molar ratio as well as thermal treatment conditions
have a strong influence on the final material structure. SICN ceramics displaying various metal
contents were obtained regardless of the metal precursor chosen. This work highlights the low-
temperature in situ formation of nickel nanocrystallites embedded within an amorphous
SICN(O) ceramic matrix through careful control of the chemistry behind materials design.
Pyrolysis of Ni-modified preceramic polymer obtained in a Si:Metal molar ratio of 2.5, at 500
°C under argon atmosphere revealed a homogeneous dispersion of nickel nanocrystallites in the
SICN(O) matrix. Such newly synthesized material performed outstanding electrocatalytic
performances for oxygen reduction in alkaline water electrolysis. This innovative pre-catalyst
proved to be a promising candidate for future renewable energy technologies.

Keywords: Hydrogen. Polymer-Derived Ceramics. Alkaline water splitting.



RESUME

La modification chimique d'un poly (vinylmethyl-co-methyl) silazane avec des complexes
d'acétates, d'acetylacetonates ou de chlorures de métaux de transition a été réalisée via la voie
ceramique dérivée de polymére (PDC). Celle ci a été suivie d'une pyrolyse a différentes
températures sous la méme atmosphere, de maniére a approfondir I'étude de la formation de la
ceramique. Le matériau obtenu a été caractérisé en termes de stabilité thermique, de
composition élémentaire pour chaque phase, et de cristallinité. Les résultats montrent que le
rapport molaire Si:métal ainsi que les conditions de traitement thermique ont une influence
élevée sur la structure finale du matériau. Des céramiques SiCN présentant des teneurs en métal
différentes ont été obtenues dans chaque cas, et ce quel que soit le précurseur métallique choisi.
Ces travaux mettent en avant la formation in situ et a basse température de nanocrystallites de
nickel intégrées dans une phase amorphe SiCN(O), gréace a un contrdle minutieux de la chimie
derriere la conception des matériaux. Un composite de nanoparticules de Ni dispersées dans
une matrice de SICN(O) est obtenu par pyrolise, a 500°C sous argon, de polymeéres
précéramiques chimiquement modifiés au Ni selon un rapport atomique Si/Ni de 2.5. Ce
matériau innovant présente des propriétés performantes d'électrocatalyse pour la réduction
d'oxygeéne en milieux alcalins. Ces mémes propriétés en font un excellent candidat pour des
applications dans le futur des énergies renouvelables.

Mots clés : Hydrogéne. Céramiques dérivées de polymeres. fractionnement de I'eau dans les
milieux alcalins.
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1. GENERAL INTRODUCTION

The greenhouse effect is a natural phenomenon referring to the increased heating of
Earth’s surface and is a vital component to sustain life. Yet, it causes environmental pollution
due to fossil fuels’ combustion, producing CO.. Accompanied by human activities, it strongly
affects the atmosphere's chemical composition. These phenomena together result in an
excessive greenhouse effect which is responsible for the current climate change (Figure 1.1).
Currently, fossil energies represent more than 80% of the world’s energy consumption [1] and
the global demand is steadily rising as a consequence of the developing economies. For that
reason, the Intergovernmental Panel on Climate Change (IPCC, 2021) [8] demonstrated that an
energy transition is paramount to stop using depleting resources and reduce climate impacts
which are already expected to cause approximately 250.000 additional deaths per year between
2030 and 2050 [2].

human activities

[Burning fossil fuels)
| . |
{CO, concentration’s|
\ rise

e a . global temperature i o %

increase } e

Figure 1.1. Energy demand effects on climate change.

Important climate directives have been taken over the past decades. Most of these

measurements are based on innovation and technology development as essential approaches for
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a global energy transition resulting in a steady decline of pollutant emissions since 2000,
especially in Europe [3]. In particular, research & development in technologies exploiting
renewable sources such as solar and wind power have been largely used as the first step toward
a CO and nuclear waste-free energy future. Nevertheless, their dependence on geographical
position and their variability hamper the possibility of solving the climate challenges on their
own. Indeed, a recent publication of the Organisation for Economic Cooperation and
Development (OECD) has emphasized that with emissions on the rise again, governments must
work seriously on shifting their economies to a low-carbon model and stop investing in carbon-
intensive infrastructure to keep warming below 1.5°C [4]. This has been also prioritized by the
Intergovernmental Panel on Climate Change [5] and more recently by the OECD Secretary-
General who called for stronger action on climate change [6]. Intensive efforts are therefore
required to align long-term energy system trends with 2060 decarbonization goals compatible
with the ‘well-below’ 2°C objectives established in the Paris agreement [7]. Within this
scenario, the period between 2020 and 2030 is regarded as crucial in the transition to a low-

carbon economy.

A possible solution to circumvent this issue is the development of energy storage and
conversion devices, as they can address the intermittent nature of the main renewable sources.
One of the most promising strategies for that is the conversion of chemical energy into electrical
energy Vvia electrochemical conversion, which is the principle behind fuel cells and metal-air
batteries. The inverse process of generating valuable chemical compounds (e.g., fuels and raw
materials for the industry) using electrolyzers is an appealing way to propel the hydrogen

economy.

The so-called water splitting or water electrolysis is a promising pathway to achieve
efficient hydrogen production concerning energy conversion and storage with catalysis or
electrocatalysis playing a critical role. These materials are used to diminish the kinetic energy
barriers of both Oxygen Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER),
producing Oz and H> at the anode and cathode, respectively [8]. Up to now, noble-metal
electrocatalysts are the most employed in such process, as they own paramount features such
as high stability, electrical conductivity and resistances to oxidation and corrosion, low Tafel

slope and overpotentials -which are indispensable for an effective water electrolysis process

[9].
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To achieve the objective of placing regenerative energy storage and conversion systems
into a commercial reality, it is therefore of utmost importance to develop stable and efficient
oxygen electrodes [10]. Rather than the current state-of-the-art noble-metal electrocatalysts,
which are costly and scarce, and also tend to aggregate under working conditions causing
activity degradation [11], 3d Transition Metal-based materials like Ni and Co [12], are regarded
as inexpensive, earth-abundant and environmentally friendly materials employable to produce
efficient and robust electrocatalysts for the water splitting process. In addition to that, such
metals can display catalytic performances comparable to state-of-the-art noble metals
counterparts, predominantly in alkaline media [13], hence, having the required features to be
employed in such process, being promising candidates for anion exchange membrane
electrolyzers and have therefore triggered a rush in the exploration of non-noble TM-based
HER and OER electrocatalysts. Although great progress has been made in recent years, it is
worth point out that none of the current electrocatalysts fulfill activity and lifetime
requirements for the application of anion exchange membrane electrolyzers.
Consequently, significant directions toward materials design must be taken to rank water
electrolysis among the most efficient, environmentally friendly and decarbonized routes for

dihydrogen generation.

Considering all these aspects, the present thesis has been built to create new knowledge
in the field of functional materials for water oxidation. It targets a new family of
nanocomposites prepared via the Polymer-Derived Ceramics (PDCs) route to design
sustainable water-splitting electrodes. Thus, different Co and Ni precursors were investigated in
this study for the modification of a polysilazane in DMF, as this preceramic precursor could be
highly reactive towards this solvent in presence of a metal catalyst under an inert atmosphere (Ar).
Furthermore, considering the simplicity, flexibility, and low cost of the PDC route employed for
that purpose, this approach is expected to allow the production of active and stable high superficial
surface area nanocomposites possessing accessible non-noble TM, hence, showing promising

features for electrocatalysis applications.

After a literature review given in chapter 1, chapter 2 details the experimental part.
Following, chapter 3 describes the parts dedicated to materials design and characterization along
with the application of our materials for OER as a proof of concept. Although OER activity

remains rather moderate in comparison with those reported in the literature, the achieved results
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correspond to one of the best performances ever reported for materials containing only nickel

as active phase, thus validating our approach and the prospects that will result from it.
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2. LITERATURE REVIEW

2.1.Climate context & energy storage technology

Over the last decades, the effects and prospects of the ongoing climate change have
modified global actions regarding the increasing energy demand. Since the industrial
revolution, natural resources and energy have been used to support overall population growth,
industrial activities and economic development, leading to a remarkable increase in greenhouse
gas (GHG) emissions, especially CO2 and NOx [14].

Studies have demonstrated that energy generation and consumption have been
responsible for about 70% of the total GHG emissions, of which, CO; represents 57% [15,16].
In the last decade, the average concentration of CO; in the atmosphere increased by more than
2 ppm each year due to anthropogenic action [17], exceeding 400 ppm in 2015, as demonstrated
in Figure 2.1. This issue is mostly associated with the burning of fossil fuels [5] once it releases
enormous quantities of CO», affecting the atmosphere’s thermal balance absorbing more
radiation and, hence, leading to global warming [19]. Such emissions are drastically affecting
the global climate causing an augmented probability of extreme weather events like heatwaves,
storms, and droughts [14].
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Figure 2.1. Atmospheric CO2 concentration (ppm) per year, adapted from NOAA
Global Monitoring Laboratory (2021).

As demonstrated by the Intergovernmental Panel on Climate Change (IPCC, 2021) [20],
there is an urgency to act towards an energy transition to stop using depletable resources and
reduce climate impacts on urban areas and natural habitats. Following demonstrations of
scientific predictions, it was observed that doubling the atmospheric CO2 concentration from
280 to 560 ppm would cause average global warming of 2 °C. Due to this, at the Conference of
Parties (COP) 21 (Paris, 2015), countries committed to keeping the global temperature increase
below 2 °C of pre-industrial levels [21-23]. Two years later, this value was decreased to 1.5 °C
(COP 23, 2017), aiming to reach net-zero emissions until 2050 to limit global warming [24].
Nonetheless, a year later it has been detected that the global energy use was 173,340 TWh and
still a mix mostly comprised of non-renewable sources, being more than 80% of it derived from
fossil fuels [25].

Seeking to reach the Paris Agreement goals, the development of strategies with limited
GHG emissions became crucial. For this reason, in the last decades, the first step toward the
net-zero CO, emission energy future relied especially on the production of energy by renewable
resources [26]. Solar energy and wind power were the most utilized, followed by widely
consolidated sources like biopower, geothermal, and ocean power [27,28].
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Solar energy is the foremost energy-generating technology due to advantages like its
ability to directly convert sunlight to electricity, its minimal impacts on ecosystems, easy
industrial- or local-scale applicability and abundance in the tropics and temperature regions of
the planet [29,30]. On the other hand, it has an intermittent nature, and relatively low efficiency
(mostly 10-20%), besides requiring great areas of land for a large-scale installation [21,31].

Yet, it is one of the less expensive electricity generation energy sources.

Regarding wind power, it has significant potential of avoiding the use of considerable
amounts of Earth’s fossil fuels, however, cost-efficient wind turbines depend on rare-earth
elements such as neodymium and praseodymium as the permanent-magnet synchronous
generator for power conversion. These elements are limited and, consequently, can easily entail
a demand outpacing the supply. Moreover, only a fraction of wind passing through the turbine

is converted into electrical energy due to losses in the system [32].

Even though these renewable energy sources are sustainable alternatives to conventional
fossil fuels, their availability varies depending on weather, climate, geographical location and
time of the day [27,33]. This variability creates periods of supply higher than demand, enabling
the use of excess energy in other processes to obtain clean energy. To this end, hydrogen (H>)
appears as an outstanding energy carrier. Regardless of its explosive nature, H: is non-toxic,
non-polluting, renewable and relatively abundant in nature as it is a constituent of water
molecules. In addition, Hz has a gravimetric energy density three times higher than that of liquid
hydrocarbon-based fuels. Thereby, it can store more energy per unit weight or volume [34].
This energy carrier is largely used in industrial processes such as refining petroleum, ammonia
production for fertilizers, annealing, heat-treating metals, coolant in power plant generators and
aircraft [35,36].

Hydrogen can be generated by varied technologies employing either non-renewable
sources such as coal, natural gas and oil or renewable sources like biomass, solar, water and
wind power. Nevertheless, its production is still majorly based on non-renewable sources [37].
For instance, in 2015, it was reported that more than 44.5 million tons of industry-obtained
hydrogen were produced by steam-methane reforming and coal gasification, corresponding to
more than 95% of the total production [35]. Five years later (2020), its global use was stated to
be of approximately 120 million tons, being 76% produced from natural gas and 23% from
coal, resulting in low purity (“grey”) hydrogen along with 830 million tons of CO2 emission
[38].
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The color-based nomenclature is used to differentiate the manufacturing process, required
feedstock and energy source, as well as the GHG emission correlated to the type of hydrogen
generated. Accordingly, “grey”, “blue”, “turquoise” and “green” hydrogen, classify the
conventional, low-CO, CO»-free and carbon-free routes, respectively, as demonstrated in
examples of each class shown in Figure 2.2.

Established technologies
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Figure 2.2. Hydrogen production pathways and product-associated colors [38].

Fundamentally, conventional or grey hydrogen is based on fossil resources and results in
considerable emissions of CO2. Low-CO; or blue hydrogen differs from the previous case
solely by the fact that most of the CO2 emitted is captured and stored. CO»-free or turquoise
hydrogen is obtained by processes that do not release CO, instead, carbon is the by-product.
In this case, it can be generated, for example, through bond cleavage as happens in methane
pyrolysis. Carbon-free or green hydrogen relies on renewable energy sources and does not

generate CO> [38], being, therefore, the most promising technology for the net-zero emission
goal.

Within the context of the described scenario, it is expected that the demand for green
hydrogen will soar in the next years. As such, researches toward thoroughly sustainable
hydrogen generation and net-zero CO emissions by 2050 are ongoing [39]. Unlike non-
renewable-based strategies, water electrolysis is an environmentally pleasant pathway for
hydrogen production if driven by renewable sources-derived electricity [8,35,40]. This
condition is grounded on the fact that this process requires an external power supply to promote
oxidation and reduction reactions, causing an economically inefficient energy application that
can only be overcome through the use of renewable sources to either decrease or end the need

for external power supply [40].
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2.2 Water electrolysis

Although industrially used only in small-scale production with a global supply of solely
4% [41], water electrolysis is classified as a feasible way of producing Hz on large scale [42]
and is also regarded as one of the long-term market hydrogen generations for the next years
[37].

Electrolysis has numerous benefits since it absorbs a greater amount of energy per unit of
H> produced in comparison to hydrocarbon-based H> production [42]. According to Baykara
(2018), it has a low Global Warming Potential (GWP) of less than 5 kg CO2eq/kg H2 against 30
COz2eq/kg H2 when grid electricity is employed. Thereby, the excess electricity generated, for
example, from solar energy or wind power, can be stored in the form of chemical bonds by
electrochemically splitting water, forming hydrogen and oxygen gases. Their subsequent
recombination is a clean way of providing electrical energy once it releases only water during

energy conversion [43], as illustrated in Figure 2.3.

This approach is interesting for remote areas with abundant solar or wind electricity
resources, not only to produce hydrogen but also to meet energy needs for households,
powering telecommunication stations and small-scale light manufacturing industry applications
[44]. Additionally, it is an alternative for highly pure H> large-scale generation in a short time

with less environmental impact [45].
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Figure 2.3. Process of energy storage and conversion through water splitting.

The water electrolysis process occurs within electrochemical cells having a common
setup containing two counter-charge electrodes connected to a direct current power supply
immersed in a reaction medium [46]. The electrical current flows through the electrodes
generating voltage and decomposing water molecules into hydrogen and oxygen gases through
two half-reactions. The reduction reaction takes place on the cathode and is known as hydrogen
evolution reaction (HER), whilst the oxidation reaction happens on the anode and is named
oxygen evolution reaction (OER) [21]. These half-reactions present some particularities
according mainly to the development stage of technology, electrolyte, charge carrier ( H*, O

OH") employed, and operational conditions.

Currently, both the application and research scales are mainly concentrated on three
devices: Polymer Electrolyte Membrane (PEM) electrolysis, Solid Oxide Electrolysis (SOE)
and Alkaline Water Electrolysis (AWE) [38].

The PEM water electrolysis (Figure 2.4 (a)) is very similar to the PEM fuel cell
technology. In both cases, a solid polysulfonated membrane is used as the electrolyte and gas
separator. The membrane is the core part of the process because it provides high proton
conductivity and operation pressure (40 MPa), low gas crossover, compact design, as well as
enables direct splitting of water molecules generating highly pure hydrogen and releasing
oxygen [48]. For that, water is pumped to the anode side, where it is oxidized producing oxygen

(O2), protons H* and electrons e (Equation (2.1)).
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The charge carrier (protons H*) passes through the proton exchange membrane reaching the
cathode side and simultaneously preventing the transport of other gases. Thus, two H* ions are
reduced forming H> molecules, as shown in Equation (2.2), whilst electrons on the anode side

exit the system thanks to an external power circuit that provides the driving force for reactions
[49].

2H,0 — 4H "+ O, + 4e” (anode) (2.1)
2H*+ 2¢~ — H, (cathode) (2.2)
PEM SOE
anode cathode anode cathode
SRS +, -
0, H, 0, H,
® o [ -
v 1 E v
H,O H,O

(a) (b)
Figure 2.4. Schematic illustration of PEM (a) and SOE technique (b).

The advantages of this process are mainly attributed to the membrane's low thickness,
which ranges from ~20 to 300 um. On the other hand, the capacity to operate under high
pressures must be carefully evaluated as it brings associated problems. The increase in
operational pressure results in a cross-permeation issue, which, above 10 MPa, turns necessary
employing thicker membranes and internal gas recombiners to keep the critical H> and O
concentrations under a safety threshold of 4vol% Hz in O2 [32].

In contrast with the previous case, in Solid Oxide Electrolysis (SOE) (Figure 2.4 (b)),
water molecules are reduced at the cathode side producing two molecules of Hz and two O
ions, as demonstrated in Equation (2.3). These O% ions are then oxidized at the anode forming
a molecule of O, (Equation (2.4)). Usually, SOE systems work at temperatures around 500 to

1000 °C. Due to this relatively high temperature, the process requires both heat and electric
input [49].
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2H,0gy+ €™ = 2H; gy + O, (cathode) (2.3)

05 = 054 +e (anode) (2.4)

The possibility to operate at high temperatures is considered an advantage of SOE as it
has potential to increase water electrolysis efficiency. Nonetheless, it provokes harsh and fast
degradation of cell components, hindering its transition from R&D to the commercial stage
[48,51].

The most mature water electrolysis technology is AWE, which is conducted in liquid
alkaline electrolytes. In AWE devices, an alkaline aqueous solution such as NaOH or KOH is
used as the electrolyte. The KOH solution is preferred because it has a higher ionic conductivity,

which is around 40 to 50% greater than that of NaOH at optimal weight percentage [52].

In this setup, the electrodes are immersed in the electrolyte and separated by a hydroxide
and water-permeable gas-tight diaphragm to maintain the gases separated as well as guarantee
process efficiency and safety [53]. A direct current (DC) is applied to keep the electricity
balance and allow electrons to flow from the negative terminal of the DC source to the cathode
where water reduction produces highly pure hydrogen (99.5 to 99.99%) and hydroxide anions.
These anions diffuse through the diaphragm reaching the anode side where oxidation occurs
releasing electrons that return to the positive terminal of the DC source (Figure 2.5) [54]. The

half-reactions involved in this system can be observed in equations (2.5) and (2.6), respectively.
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Figure 2.5. Schematic illustration of Alkaline Water Electrolysis setup.

2H20(g) +2e” > H2 ) +20H ™ (CathOde) (25)
40H~ - 2H,0 + O, + 4e~ (anode) (2.6)

The AWE has several advantages over PEM electrolysis, among which its low cost,
commercial applicability and mature technology can be highlighted. The kinetics of redox
reactions is hampered in PEM electrolyzers’ because of the acidic environment. More than that,
such a system requires costly noble metal catalysts and materials for the bipolar plates.
Additionally, AWE is the most developed and commercialized for operations at temperatures
below 150 °C [55]. Similarly, SOE setup is much less convenient than AWE because its
operation needs highly specialized and costly materials, and it owns issues related to electrodes’
mechanical stability [26,51].

The water electrolysis under alkaline media augments the range of utilizable
electrocatalysts to earth-abundant materials, which does not happen if the process is carried out
under acidic media [8]. However, AWE presents some drawbacks like its low efficiency of
around 60 to 70% compared to PEM and SOE, high ohmic losses in the electrolyte, and low
current densities (0.2-0.4 A.cm) caused by bubbles formed during reaction which decrease the
electrodes' effective areas as well as increase the resistance of electrolytes. Likewise, the
sluggish kinetics of HER and OER because of high overpotentials is a substantial issue to be

overcome to achieve effective electrocatalytic reactions [40,56].
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In light of these aspects, herein the fundamentals of AWE will be addressed from a
scientific standpoint for a better comprehension of this process's characteristics and
improvements required for the energy future. As already stated, numerous factors must be
cautiously considered to achieve an efficient water electrolysis process. Given these demands,
the process must be evaluated from both the thermodynamics and kinetics perspective, as will

be done in the following subsection.
2.2.1. Thermodynamic and kinetic considerations

Water molecules are thermodynamically stable, consequently, the production of
hydrogen and oxygen by electrolysis can only occur if the minimum potential, i.e. equilibrium
or reversible cell voltage Eeq necessary for dissociation is overcome [57]. The electrolyzer cell
potential and operating temperature of a water-splitting system have a relationship delimited by
the equilibrium and thermoneutral voltage lines, as depicted in Figure 2.6. Below the
equilibrium voltage, H> cannot be generated because the splitting process is slow due to

phenomena like activation energy barrier, low reaction rate and bubbles formation [8,58].

2
Exothermic reaction
( Thermoneutral
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Figure 2.6. Cell potential for ideal hydrogen production by water electrolysis as a
function of temperature, adapted from [45].

The minimum energy necessary to generate hydrogen as a function of temperature and
pressure is provided to the electrodes by the Gibbs free energy (AG) and is equal to 237 kJ.mol
1 [49]. The equilibrium voltage is the theoretical minimum thermodynamic potential (Eeq)

whereby the dissociation of water molecules can occur at standard conditions (T = 298.15 K
33



and P° = 1 bar). Knowing this minimum energy zF necessary for such a reaction, the Eeq of 1.23

V is determined according to equation (2.7) [54].

AG(,py 2.7)
zF

Eeqrp) = —

Where z is the number of electrons transferred, and F is the Faraday constant, which

corresponds to the electric charge of 1 mole of electrons (96,485 C.mol™).

The positive Gibbs free energy value indicates that, at room temperature, water splitting
is an endothermic reaction. Hence, the system demands an overpotential (1) at the electrodes to
drive the reaction from its equilibrium voltage producing significant current densities and
accelerating the dissociation start. The overpotential is determined based on both the existence
of accessible ions close to the electrodes’ surface and the activation energy to outpace kinetic

restrictions [59].

In other words, electrical energy must be provided to allow this non-spontaneous reaction
to happen. This extra energy requirement causes an Ohmic voltage drop associated with the
current (j) passing through the cell, as well as the sum of resistances existing in the cell (Ronm).
The latter is a function of electrolyte features, the form of electrodes and cell design [8].
Accordingly, equation (2.7) can be rewritten as presented in equation (2.8) for a more robust

assessment.

Ecell = Eeq + ZTI + iZRohm (28)

The thermoneutral voltage (Etn) is the real minimum voltage that must be provided to the
cell to promote water dissociation. At this point, the process is neither endothermic nor
exothermic, and electrical losses are equal to the heat necessary for dissociation. That is, the
reaction net heat production is zero, meaning that it happens without generating or absorbing
heat. The thermoneutral voltage (equation (2.9)) is dependent on the enthalpy of reaction (AH),
which is given by the Gibbs free energy variation and the product of the process temperature

(T) and entropy change (AS) [52], as shown in equation (2.10).
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AHz,p) (2.9)
zF

AH = AG + TAS (2.10)

Eprpy = —

In agreement with that and the first principle of thermodynamics, the enthalpy (AH) and
entropy (AS) for a water-splitting Gibbs free energy of 237.22 kJ.mol* at standard conditions
are, respectively, 285.84 kJmol™* and 0.16 kJmol ™.

Following, Figure 2.7 shows that the total energy demand (AH) is slightly affected by the
temperature, whilst the entropic contribution (T.AS) rises significantly when the temperature
increases. Under this condition, water molecules’ splitting becomes easier as their particles can
occupy different microstates and the entropy of the system also increases [58]. For that reason,

the electric energy (AG) input required turns appreciably lower reducing Hz production cost
[26].

300 : 1.55
.
Total energy demand (AH)
. 250 : 1.30
E : E[eCt”'Ca] -
ener,
5 200 k ug)/(ICJHaf;d(AG) 1 1.04 Z
2 Z
T T :
150 . 078 &
22 e :
3 : %
2 100 t | 1052 3
= - (a3
=
=
50 ¢ 0.26
0 ; 1 . 1 . 0.00

0 100 200 300 400 500 600
Temperature (°C)

Figure 2.7. Thermodynamics of H2O electrolysis at atmospheric pressure, adapted from
[26].

On the other hand, the electrical, transport and electrochemical reaction resistances must
be taken into account, as they can significantly affect the process's effectivity. The electrical
resistance is related to the external electrical circuit resistance and can be calculated by Ohm’s
law, as follows in equation (2.11).
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Where j is the current passing through the conductor when the voltage E is applied solely

at the circuit.

As previously discussed for equation (2.8) description, Ronm IS related to resistances
existing within the cell. Thus, it is a sum of the resistances of the electrolyte (Re), diaphragm
(Ra), bubbles (Rv), and circuit (Rc), as presented in equation (2.12).

Z Ryym=R,+R;+R,+R, (2.12)

The Re is associated with two factors: solution composition and the distance of electrodes.
Regarding the solution, the more conductive the salt employed, the more conductive the
electrolyte and, consequently, the smaller Re. However, it is imperative to point out that this
condition is valid until a limit of around 20 to 30% of salt, once greater concentrations would
cause cell corrosion and destruction of the diaphragm [60].

The transport resistances comprise physical effects such as resistances to ionic transfer
and transport of split species through the diaphragm, as well as the presence of bubbles on the
surface of electrodes and in the electrolyte solution. Although the diaphragm is necessary to
separate produced gases, its presence can restrain OH" transfer, causing low current densities,
besides reducing the free volume of liquid, leading to a reduction in conductivity and an
increase in ohmic losses [26]. Furthermore, there is a need to keep the diaphragm and electrodes
at defined distances from each other to avoid interferences between oxidation and reduction
half-reactions. Such a condition also leads to bubbles formation, reducing the electrodes’ active
area and free volume of electrolyte. Moreover, bubbles dispersion during water electrolysis

causes poor conductivity and increases Re.

The heat generated by electrical and transport resistances is an ohmic loss described
according to Joule’s law and transport phenomena, respectively. Reaction resistances arise from
the requirement of overpotentials to surpass the activation energies of hydrogen and oxygen
formation, hence, provoking an increase in the overall cell potential. Both overpotential and

ohmic losses increase with the current density and, then, may cause inefficiencies in the
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electrolysis. These reaction energy barriers own implications on the kinetics rate and can be

expressed by Arrhenius law [54].

The total energy demand can be determined according to the reaction enthalpy of liquid
water formed along with the whole process. Thus, the energy efficiency is defined based on the
higher heating value (HHV) of H> generation, which evaluates the production of hydrogen per
unit of electrical energy input. For AH of 285.8 kJmol?, the HHV corresponds to the
thermoneutral cell voltage (Etw) of 1.48 V/cell.

It implies that, at standard conditions and under this voltage, H> and Oz would be
generated with a thermal efficiency of 100%. Nevertheless, a practical cell requires a voltage
higher than that to attain the splitting reaction and also produces excess heat. Normally, a real
water electrolysis setup operates at a constant cell voltage varying from 1.6 to 2.0 V or at a
constant current density of 1.0 to 2.0 Acm?, depending on the electrocatalytic material
employed for HER and OER as well as on the pH of the electrolyte [45]. In this perspective,
the energy efficiency can be more reasonably calculated by the voltage efficiency as shown in
equation (2.13).

B (2.13)
Cell operating voltage

voltage efficiency =

As for the thermal efficiency, it is based on the enthalpy change (total cell voltage) as
energy input and can reach values higher than 1 due to heat absorption from the surroundings
[44].

Besides these effects, the electrocatalytic material has a strong influence in the process.

The performances of OER and HER electrocatalysts depend on the entanglement between their
intrinsic properties (composition, crystal structure, exposed facets, active surface area, partial
charge of surface atoms, charge delocalization) and the ones of the overall electrode (electronic
conductivity, porosity, durability) [61,62]. To evaluate the performance of an electrocatalytic
process, certain parameters associated with experimental conditions and properties of the
catalyst employed must be taken into account, as summarized in Figure 2.8. For instance, the
catalyst activity is typically characterized by overpotential, exchange current density and Tafel
slope, which can be assessed from polarization curves. The surface area of a catalyst is widely
investigated by the electrochemically active surface area (ECSA) measurement, to determine
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its specific activity, also called surface-area-normalized activity. It is commonly examined on
metal surfaces since they possess the capacity to adsorb various species facilitating the
determination via characteristic reactions like H adsorption/desorption [63]. Concerning
stability, overpotential or current changes over time, they are investigated by
chronoamperometry, chronopotentiometry, or cyclic- and linear sweep-voltammetry (LSV)

curves.

F 1
Potentiostat I E

=
{ B
Experimental condition @ e . e Key parameters & evaluation
* pH | 7
3 1.23V+? ‘ ] ( \ 2
* Impurites e E Overpotential Impedance
'L.\\:f:_'_ : < & Tafel slope spectroscopy
52° Working electrode v

Preparation Binder
Measurement technigque d‘\m

" ) . ]
2 bl ooy

Figure 2.8. Summary of important parameters to evaluate activity during a water

electrolysis process.

2.2.2. Hydrogen Evolution Reaction (HER) mechanism

Besides all phenomena described above that could affect AWE efficiency, the sluggish
kinetics of HER and OER is another substantial problem. Even though the water electrolysis
under alkaline media is preferable to acidic media due to the greater options of electrocatalysts,
the HER activity is 2-3 orders of magnitude lower in this case, due to its poor water dissociation
capacity [8].

HER is favored in acidic mediums whilst OER is better performed in alkaline
environments [64]. Under alkaline conditions, HER happens through two electron-transfer
processes (Figure 2.9): (i) the proton discharge step (Volmer reaction) and (ii) the generation

of Hz gas. The latter occurs either by electrochemical (Heyrovsky step) or chemical desorption
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(Tafel step) or both [49,65]. These possibilities are also named Volmer/Heyrovsky and

Volmer/Tafel reactions.

Volmer reaction

e
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Volmer-Tafel Volmer-Heyrovsky
mechanism mechanism

Figure 2.9. HER mechanism on the electrode surface in AWE, adapted from [49].

In the Volmer reaction (equation (2.14)), deposited/adsorbed hydrogen intermediates (H”)

are formed on the electrode surface (M) via protons (H20) reduction.

H,O+M+e™ - H+OH (2.14)

Then, the adsorbed H* passes through removal/desorption by two paths to generate H»
gas. By the Heyrovsky reaction, due to the low surface coverage of H*, the adsorbed H*
intermediates react with both proton and electron to produce H» [49,65]. This reaction is
represented in equation (2.15). The Tafel reaction arises when the surface coverage of H* is
high, allowing the combination of two adjacent H* to form H. (equation (2.16)).

H,O+e  + H - H,+OH (2.15)
H+H - H, (2.16)

According to the current state of knowledge, the cause of HER slow kinetics is still
controversial, however, the kinetic barrier for the formation or desorption of adsorbed H* is
considered an important factor [66]. Other authors mention that the HER activity has water
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adsorption and dissociation, hydrogen binding energy and OH™ adsorption as the four factors

of major influence [67].

2.2.3. Oxygen Evolution Reaction (OER) mechanism

With regards to the anode side half-reaction (OER), it has sluggish kinetics and requires
an overpotential greater than that of HER to assist the adsorption and desorption of
intermediates generated during its four-proton electron-transfer process [68]. This requirement
results in the consumption of excess energy and causes a decrease in conversion efficiency [69].
In consequence of that, OER is the key part of the overall efficiency of electrochemical water
splitting [34].

This multi-electron transfer reaction is carried out in several steps (Figure 2.10), initiating
with the oxidation of hydroxide ions, as expressed in equation (2.17). Thus, a proton and
electron removal occur transforming MOH* into MO* (equation (2.18)). Thereafter, there are
two reaction pathways for producing oxygen. One is by reacting two MO*, as demonstrated in

equation (2.19). This step demands a large thermodynamic energy barrier though [65].

M

OH

OH M-0O

Figure 2.10. OER mechanism for AWE: formation of peroxide (M-OOH) intermediate
(red lines) and the direct reaction of two adjacent oxo (M-O) intermediates forming oxygen

(orange line), adapted from [67].
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M+ OH - MOH"+ e~ (2.17)

Where M is the active site of the catalytic surface and * denotes surface-adsorbed species.

MOH"+ OH™ - MO*+ H,0 + e~ (2.18)
2MO" - 2M + O, (2.19)

The other way consists of a nucleophilic attack of OH™ on MO* coupled with a one-
electron oxidation reaction to generate MOOH*, according to equation (2.20). Sequentially, it
goes through another one-electron transfer process finally evolving the O2 molecule and the
free active site (M) (equation (2.21) [65].

MO+ OH™ > MOOH'+ ¢~ (2.20)
MOOH"+ OH™ - M+ O, + H,0 + e~ (2.21)

It can be seen from this conventional OER mechanism that all intermediates formed along
the process interact with the catalytic surface (M) through an oxygen atom (MO, MOH,
MOOH) [70]. In a pioneering study published by Ruetschi and Delahay (1955) [71], it was
found that the overvoltage decreases linearly with an increase in M-OH bond energy on metal
surfaces (Ag, Au, Cd, Co, Cu, Fe, Ni, Pb, Pd and Pt), owing paramount effect on the overall
OER activity. Therefore, interactions between the catalyst surface and intermediates have a
direct impact on the process efficiency [67]. Based on this, developing highly efficient and cost-
effective electrocatalysts is highly necessary to place alkaline water electrolysis on a
commercial scale. Nonetheless, the currently used materials pose a challenge for that purpose
due to some of their specific features.

2.3. Electrocatalysts currently used for HER & OER in alkaline media

Classically, platinum and Platinum Group Metal (PGM)-based structures are widely
employed as electrocatalysts for electrochemical power sources. Pt is the state-of-the-art
catalyst for HER reactions, being normally supported on carbon electrodes [72,73]. This vast
use is particularly due to its higher activity and stability compared to other metal catalysts. For
OER the benchmark catalysts are 1rO2/RuO»-based materials [74], as they own high stability,

small overpotential at practical current densities and small Tafel slope [75]. Other examples of
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catalytic materials for this half-reaction are Pt and Pd, however, they exhibit lower

performance, according to this sequence: Ru>Ir>Pt>Pd [68].

Electrocatalysts based on non-noble transition metals (TM) are inexpensive, abundant
and environmentally friendly. They can display catalytic performances comparable to state-of-
the-art noble metals, particularly in alkaline media [13]. This makes them good candidates for
AWE, and has therefore triggered a rush in the exploration of non-noble TM-based HER and
OER electrocatalysts. Apart from supported 3d TM such as Mo, Fe, Co, Ni [76], 3d TM-
containing advanced ceramics including TM borides [77-79], carbides [80,81], nitrides [82,83],
phosphides [84,85], and oxides [86,87] are extensively studied for their attractive HER and/or
OER performances, which are mainly attributed to electron transfer between the 3d (or 4d)
orbitals of TM and the 2p/3p orbitals of electronegative B, C, N, Si and P. Further, in alkaline
media, the surface of these materials is oxidized in OER conditions providing oxy(hydr-)oxides
surface layers, which are active toward OER and benefit from charge transfer with the
conductive TMX cores.22 However, the development of such electrocatalysts suffers from
conventional preparation methods at high temperatures, yielding uncontrolled particle size,
morphology and low surface area, hence, restricting the density of active sites. Thus, the current
lack of specific surface associated with the limited intrinsic electronic conductivity of these
compounds hinders performance improvements. Both high specific surface area and high
electronic conductivity are essential for electrocatalysis and can be addressed by materials

design as proposed in the present thesis via the Polymer-Derived Ceramic (PDC) route.

2.4. Polymer-Derived Ceramics (PDCs) route as an in-situ non-noble metal

growth approach

Designing matter from atomistic to macroscopic scale is a unique attribute of chemical
materials technologies, such as those based on well-defined molecular and polymeric
precursors, to solve problems arising from ceramic manufacturing with traditional powder-

based technologies.

The Polymer-Derived Ceramics (PDCs) route represents an outstanding chemical
approach for that purpose. This emerging chemical process was first reported in the 1960s and
started to be recognized in the 1970s due to its potential for materials science when the first
practical application was reported by Veerbeck, Winter, and Yajima [88-91].
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Fundamentally, the PDC route consists of generating advanced ceramics by the
thermolysis of organosilicon polymers’ that contain silicon atoms in the backbone and are
denoted as preceramic polymers. Under a controlled atmosphere and appropriate thermal
treatment, these precursors provide ceramics possessing both tailored chemical composition
and a closely defined nanostructure organization. In addition, such a route enables various
possibilities for designing more or less complex shapes that cannot be generated via
conventional processes. These advanced ceramics are highlighted by the fact that they are
additive-free materials obtained at low pyrolysis temperatures, generally between 800 and 1200
°C, which is lower than the required in conventional ceramics processing [92,93]. These
conditions provide excellent corrosion and creep resistance to the final product, besides
reducing structural damage, as the low thermal treatment regime allows the consolidation of all

elements within the polymeric structure to the ceramic [94,95].

The molecular structure of the preceramic polymer has a direct influence on the
composition, phase distribution, as well as microstructure of the final ceramic. Thereby, PDCs'
physicochemical properties can be adjusted by designing molecular precursors [93,96]. A
general representation of the molecular structure of a preceramic polymer is shown in Figure
2.11.

Rl
|
T
e
Figure 2.11. Simplified structure of preceramic polymers.

Their classification is established according to the X group bounded to the Si atom of the
polymer backbone. As such, X denotes, for example, polysilanes (Si), polycarbosilanes (C),
polysiloxanes (O), polysilazanes (N), polyborosilanes (B), or the combination of two of these
classes, as depicted in Figure 2.12. The functional groups represented by R! and R? are
commonly hydrogen, methyl, vinyl and/or phenyl, and are responsible for properties like
solubility, thermal stability and viscosity of the polymer [93]. Consequently, by adjusting the
preceramic polymer used, both micro- and macroscopic features of the final ceramic can be

controlled.

In this context, the use of adequate precursors is indispensable to determine the final

features, meaning that, the polymer should have a molecular mass sufficiently high to prevent
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the volatilization of low molecular components, rheological properties suitable for
processability and reactivity for the crosslinking step to grant high ceramic yield [97]. Under a
controlled atmosphere and appropriated thermal treatment, these precursors provide Si-
containing ceramics possessing both tailored chemical composition (SiOC, SiCN, SisN4 or SiC)

and a closely defined nanostructure organization [92,93].
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Figure 2.12. Distinct classes of Si-based preceramic polymers, adapted from [99].

A flow diagram of the single steps involved in the design of advanced ceramics from
molecular precursors and preceramic polymers is shown in Figure 2.13. Processing ceramics
via preceramic polymers involves the synthesis (from molecular precursors as monomers),
crosslinking (to form an infusible network) and transformation, i.e., ceramization, via pyrolysis
of these precursors into amorphous covalently bound ceramics. Subsequently, an optional heat
treatment at a higher temperature will achieve the crystallization of the amorphous ceramics.

Because of the possibility of controlling the cross-linking degree, the type of bonds
linking monomeric units and the nature of functional groups or substituents attached to the
polymer network, preceramic polymers with tailored rheological properties can be synthesized.
Thus, the chemistry behind the synthesis of preceramic polymers can be well tailored in order
to form, in the next step, as-synthesized preceramic polymers (that can contain active or passive

fillers) into the desired shape. This is accomplished by a shape-forming process [93,97,98].
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Figure 2.13. Polymer-to-ceramic transformation and microstructure evolution according to pyrolysis

temperature, adapted from [93].

As-obtained PDCs can display functional properties of great interest in many fields such
as catalysis, gas separation, hydrogen storage and fuel cells [99].

The design of pure TM borides, carbides, nitrides, phosphides, and oxides as required to
activate OER is complex via the PDCs route and usually yields mixed phases. An alternative
strategy is based on the reaction of organosilicon precursors with TM-based species [96] to
form organometallosilicon precursors and then, after pyrolysis, TM-containing PDCs made of
i) TM (= Co [100-102], Ni [103-107], Fe [108]) nanoparticles embedded in amorphous Si-
based PDCs such as silicon carbonitride (SixCyN; (x+y+z = 1)), oxycarbide (SixCyO; (x+y+z =
1)) or nitride (SisNa), ii) TMSi (Pd2Si) nanoparticles dispersed in SixCyN; [109], iii) TMN
(TiN) nanoparticles dispersed in SisN4 [110] and iv) TMC (TiC) nanoparticles dispersed in
silicon carbide (SiC). These nanocomposites are robust and reusable catalysts because a certain

portion of TM-based nanoparticles migrates to the surface of the matrix upon pyrolysis [107].

To the best of our knowledge, there is only one paper dealing with PDCs as
electrocatalysts for OER [111]. The silica-based PDCs decorated by intermetallic nickel
silicides (Ni2Si, NisSi) exhibited a 50 mV decrease of the OER onset potential compared to its
Co analog with OER kinetics almost similar to RuO. However, oxidation of the PDCs occurred
during processing and a temperature as high as 1200 °C was required to display this OER
performance, which is too high to keep a suitable specific surface area (SSA). There is also

little attention paid to HER electrocatalysts based on TM-containing PDCs [112].72 In a first
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report [113] on the in situ formation of nanosized Mo4gSisCos embedded in a SiC matrix; a
nanocomposite that exhibited electrocatalytic activity and excellent durability in acidic HER
(low overpotential of 138 mV at 10 mA.cm™ and 90% of the performance retained after 35h)
was obtained. Subsequently, a Mo04gSizCo.s@SiC nanocomposite demonstrated superior HER
performances (low overpotential of 119 mV at 10 mA.cm). However, such materials were

prepared above 1400 °C, which is detrimental to the surface area [112].

Therefore, the PDC route nano-structuring started to be regarded as an interesting
precursor approach to synthesizing highly conductive and high surface area ceramics that can
act as substrates containing in situ generated crystalline, small and dispersive earth-abundant
3d block transition metal nanoparticles. Such conductivity is associated with the presence of
sp? carbon, whereas, the high surface area is linked to the evolution of gaseous species taking
place during the low-temperature thermolysis regime. Hence, the PDC design strategy can open
the way for the use of advanced ceramics for water oxidation in alkaline medium. As-obtained
TM/PDCs are expected to: (i) display long-term stability due to the strong nanocrystal-matrix
interaction and due to its expected corrosion resistance; (ii) reduce interface resistance; (iii)
expose more active sites; (iv) avoid active sites aggregation during the electrochemical process

leading thereby to a constant catalytic activity; and (v) have practical applicability.

2.5.Conclusions

This literature review summarizes the advantages provided by AWE to split water
producing produce dioxygen (O2) and dihydrogen (H;) at the anode and cathode of an
electrolyzer. The AWE is considered an environmentally friendly energy production process
especially because it can generate highly pure Hz whilst releasing only dioxygen into the air.
Even though, catalysts currently used to promote such electrochemical reactions are based on
costly and scarce noble metals, posing a barrier to large-scale energy production. To circumvent
these issues, it is indispensable to employ inexpensive and earth-abundant materials as well as

increase catalysts' conductivity, and thermal and chemical stabilities.

For that purpose, several studies on transition metals have been realized by different
ceramic processing, however, little attention has been given to the PDC route, which enables
the generation of robust ceramics with features easily adjustable by designing according to the

application requirements. In light of the current state-of-technology development, this thesis
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reports the chemical modification of a polysilazane with different cobalt and nickel complexes
aiming to achieve high specific surface area for the alkaline water electrolysis and improve the
OER Kinetics.
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3. MATERIAL AND METHODS

In this chapter, the experimental part of this study is described. It is split into four main sections:
1) materials including reagents, precursors and solvent, 2) synthesis procedures of transition metal
(TM)-modified polysilazanes with specific metal complexes, 3) heat-treatment procedures to prepare
the nanocomposites and 4) characterization techniques including multi-scale analysis and
electrochemical tests.

Courses of materials science and chemical engineering were performed at Universidade Federal
de Santa Catarina (UFSC), in Brazil from 2017 to 2019. The experimental part dedicated to materials
synthesis and their characterization was executed in France, as part of a cotutelle agreement with
Université de Limoges (UNILIM). This part was developed from 2019 to 2021 at the Institut de
Recherche sur les Céramigues (IRCER) an institute belonging to CNRS and UNILIM, France.
Electrocatalysis tests and ICP characterization were carried out at Institut de Chimie des Milieux et

Matériaux de Poitiers (IC2MP), University of Poitiers, France.

3.1.Materials

All chemical products necessary for synthesis were handled in an argon-filled glove box
(Jacomex JP, Campus-type, with O> and H20 concentrations kept below 0.1 and 0.8 ppm,

respectively. The commercially available compounds used are listed in Table 3.1.

Table 3.1.Chemical products employed in the experimental part.

Compound class Chemical Mw (g.molt) Manufacturer
Organosilicon ® , , * DurXtreme
polymer Durazane® 1800, vinyl polysilazane 64.365 GmbH
Metal Co(II) acetate tetrahydrate >98% 249.08 Merck

acetates Nickel(II) acetate tetrahydrate >99% 248.84 life science
Metal Cobalt(IT) acetylacetonate >99% 257.15 . .
i Sigma-Aldrich
acetylacetonates Nickel(Il) acetylacetonate, 95% 256.91 9 I
Metal Cobalt(11) chloride, anhydrous 129.84 Merck life
chlorides Nickel(Il) chloride, 98% 129.60 science
Solvent N,N-Dimethylformamide, 99.8% 73.09 Fischer
Scientific

* Theoretical monomeric unit of the polymer.

As indicated in Table 3.1, metal complexes employed can be divided into three main

groups, which are depicted in Figure 3.1. The first one is composed of metal acetate
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tetrahydrates, followed by the second group which involves metal acetylacetonate compounds.

The third group is related to metal chlorides.

a)
0] 2 O 12+ ,,,,,,
S S S ¢
b)
/CC\ /Nl\

c)
CoClz NiClz

Figure 3.1. Chemical structures of metal acetates (a) acetylacetonates (b), chloride (c)
and amine chloride complexes.

The organosilicon polymer used in all syntheses was a vinyl polysilazane (Durazane®
1800), a commercially available polysilazane from durXtreme GmbH, Ulm (Germany) whose
simplified chemical structure is shown in Figure 3.2.

K/CHZ T|-I
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Figure 3.2. Simplified chemical structure of Durazane® 1800.

In the manuscript, this polymer is labeled PSZ. Its physical properties given by the Merck

company are presented in Table 3.2.
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Table 3.2. Physical properties of polycarbosilazane HTT1800.

Solubility Hexane, toluene, DMF
Viscosity (mPa.s) 20-50
Density (g.cm) 1.0
Crosslinking temperature (°C) 175-200
Appearance Pale yellow liquid

3.2. Synthesis procedure

All syntheses were carried out in a purified argon atmosphere successively passing
through a column of phosphorus pentoxide and then a vacuum/argon line employing standard
Schlenk techniques (Figure 3.3). Previous to the introduction of reactants, the cleaned glassware
was stored in an oven at 95 °C overnight before being connected to the vacuum/argon line,

assembled and pumped under vacuum for 30 min and then filled with argon.

oil bubbler

—» Argon outlet

line
Argon inert gas manifold % connection
inlet :®—’ — ™ to vacuum
— ]

vacuum manifold N pump
—
water
outlet
p—
s connection cold trap
e to the schlenk
line by rubber dewar and
Sy tubing liquid nitrogen
not shown

Figure 3.3. Schematic representation of a Schlenk line.

Reactions were performed in a system prepared as shown in Figure 3.4 (a). It was

composed of a 3-neck round-bottom flask placed in a magnetic stirrer equipped with a heating
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plate. This flask was coupled to a condenser and connected to an oil bubbler for the byproduct’s
outlet. One of the other two inlets was used for inserting reagents whereas the other was
connected to the Schlenk-line (argon/vacuum valve) to assure the inert atmosphere, as well as

for the solvent extraction under reduced pressure at the end of the synthesis.

The precursors and the 3-neck round-bottom flask were placed inside the glovebox. After
being weighed, the selected metal (M) complex was introduced to the flask. Once it was
removed from the glove box and connected to the Schlenk line, the solvent (DMF) was added
to the system. This suspension was stirred at room temperature for 30 minutes to guarantee
homogeneity. Then, the last reagent, the PSZ, was added dropwise to ensure a satisfactory mix
as it is a viscous compound. The whole solution was kept under stirring at room temperature
for 3 hours. Consequently, the temperature was increased up to solvent reflux (~155 °C) under
static argon and vigorous stirring overnight. After cooling down, the solvent was extracted via
an ether bridge (100 °C/1.5-10 ! mbar) (Figure 3.4 (b)) to release the precursor which was
collected and stored inside the glove box for storage and further manipulation. A metal (M)-

modified PSZ is therefore delivered.
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Figure 3.4. Synthesis reaction (a) and solvent extraction setup (b)

The above-described general synthesis and solvent extraction procedures were employed
in all experiments of this work with adaptations depending on the metal precursor used and will

be detailed in the next subsections.

3.2.1. Synthesis of M-modified PSZ using metal acetate & acetylacetonate

In this part, the description of the synthesis of metal (M)-modified PSZ using metal
acetate- & acetylacetonate is provided. For reactions of PSZ with these metal precursors, a
fixed molar ratio of 2.5 was evaluated. The definition of the necessary amount of a metal
precursor to react with the desired quantity of PSZ in each molar ratio investigated was
determined as shown in Equation (3.1):
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n(PSZ)
n (metal precursor)

= molar ratio (3.1)

Cobalt and nickel acetates (labeled Coac or Niac) and acetylacetonates (labeled Coacac
or Niacac) were employed to react with PSZ through a molar ratio of 2.5, producing the samples
labeled as PSZMacx and PSZMacacx, where, M is Co and Ni, and x is the molar ratio, as shown
in Table 3.3. Prior to the synthesis, metal acetates and acetylacetonates have been dried
overnight at 96 °C and kept under vacuum for one hour before being placed inside the glove

box to extract water.

Table 3.3. Preceramic polymers nomenclature according to metal acetate or
acetylacetonate and Si:Metal molar ratio investigated.

Metal precursor Si:Metal ratio  Polymer nomenclature
Niac PSZNiac2.5
Coac 25 PSZCoac2.5
Coacac ' PSZ Coacac2.5
Niacac PSZNiacac2.5

For all systems, the PSZ amount used was fixed at 2.0 g (30.52 mmol referred to the
theoretical monomeric unit of the polymer (64.365 mol)). Therefore, taking a reaction between
PSZ and Niac in aratio of 2.5 as an example, the synthesis procedure was conducted as follows:
a suspension composed of 50 mL of DMF and 3.09 g of Niac (12.42 mmol) was kept under
vigorous stirring (350 rpm) for 30 minutes to promote homogenization before adding 2.0 g of
PSZ dropwise under argon flow and keeping the mixture under stirring for 3h at RT. Further,
the temperature was increased up to DMF reflux, for an overnight reaction. The system was
then cooled down and the solvent extraction was performed via an ether bridge
(100 °C/1.5-107 mbar), releasing the solid precursor named PSZNiac2.5.

3.2.2. Synthesis of metal chloride-modified PSZ polymers

For reactions between the PSZ and NiCl, and CoCl. different Si:Metal molar ratios were
assessed as reported in Table 3.4. The products synthesized were labeled PSZMx where M is
the metal (Ni or Co) and x is the molar ratio between precursors. The mixing of both metal

chlorides with PSZ was also investigated. Thus, a molar ratio of metal to PSZ was fixed at 5,
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that is, PSZ:CoCl, = 5 and PSZ:NiCl, = 5. Additionally, the ratio of PSZ:Co = 1.3 and PSZ:Ni
= 0.7 was also performed to evaluate the impact of different molar ratios in the final product.
For these syntheses, both CoCl, and NiCl> were simultaneously added to the flask inside the
glovebox to avoid further opening of the system. These samples were named PSZNi5Co5 and
PSZCo1.3Ni0.7, respectively. All these conditions were studied to determine the most
appropriate molar ratio and metal precursor to obtain a material with satisfactory catalytic
activities for the water electrolysis process.

Table 3.4. Preceramic polymers nomenclature according to metal chloride and Si:Metal
molar ratio investigated.

Metal precursor Si:Metal ratio  Polymer nomenclature
10 PSZNi10
. 5 PSZNi5
NICl, 2.5 PSZNi2.5
1 PSZNil
5 PSZCob5
CoCl; 2.5 PSZCo2.5
1 PSZCol
. 5 PSZ Co5Ni5
+
CoClo+NICl, 2 PSZ Co1.3Ni0.7

To illustrate, the synthesis of a preceramic polymer following the reaction between PSZ
and NiClz in the ratio of 2.5 is described. Thus, 2.0 g of PSZ (30.52 mmol referred to the
theoretical monomeric unit of the polymer (64.365 mol)) were added dropwise under flowing
argon to a suspension made of 1.61 g of NiCl2 (12.42 mmol) in 50 mL of DMF at RT under
vigorous stirring (350 rpm). Then, the temperature was increased up to DMF reflux under static
argon and vigorous stirring overnight. After cooling down, the solvent is extracted via an ether
bridge (100 °C/1.5-1071 mbar) to release a solid precursor labeled PSZNi2.5 (2.5 being the
Si:Ni ratio).

The polymers described in sections 3.2.2 (page 53) and 3.2.1 (page 52) were thermally
treated to investigate their polymer-to-ceramic conversion as well as ceramic properties to
determine the most promising for the water electrolysis essays. Details of each case will be

discussed below.
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3.3.Pyrolysis of preceramic polymers

The as-synthesized precursors which have been previously described have been directly
pyrolyzed in the temperature range from 300 to 1000 °C in flowing argon to follow their
conversion into inorganic compounds. The procedure consists of handling the sample in the
glove box to introduce a controlled quantity in an alumina boat to be put in a sealed tube
preventing any oxygen contamination of the sample during the transfer from the glove box to
the furnace. The sealed tube is introduced and then open into a silica tube from a horizontal
furnace (Carbolite BGHA12/450B) under argon and the alumina boat containing the precursors
IS pushed to the heat zone of the furnace. The tube is then evacuated (0.1 mbar) for 30 min and
refilled with argon (99.99 %) to atmospheric pressure. Subsequently, the sample is subjected to
a thermal using a heating rate of 5 °C-min ™! up to the desired temperature (with a dwelling time
of 2 h). During this thermolysis cycle, a constant flow (120 mL-min') of argon is passed
through the furnace tube. After cooling, also under argon atmosphere, the derived inorganic
compound is transferred to the glove box for further characterization. For all samples,
thermolysis temperatures ranging from 700 to 1000 °C were assessed. In the case of samples
PSZNi2.5 and PSZCo2.5, they were also pyrolyzed at lower temperatures (300 and 500 °C), to
investigate the polymer-to-ceramic transformation, keeping the same procedure described
above. All other samples were treated only at higher temperatures.

3.4.Characterization techniques

A description of the methods and conditions employed for characterizing materials
produced, both in the polymeric and ceramic states is presented in this section.

3.4.1. Fourier-transformed infrared (FT-IR) Spectroscopy

The chemical bonds present in the different precursors are investigated using FTIR in
transmission mode over a spectral range of 400 to 4000 cm™* (Thermo Scientific Nicolet 6700).
Thus, FTIR spectroscopy was used to analyze the reaction between the PSZ anr metal(s)
complex(es). Moreover, as samples PSZNi2.5 and PSZCo2.5 were pyrolyzed at relatively low
temperatures (300 and 500 °C), the as-obtained powders were also subjected to FTIR to
evaluate their chemical changes during conversion to ceramic. To avoid air and moisture

contamination, all samples were prepared inside the glove box.
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Solid samples, including the above-mentioned pyrolyzed intermediates, were embedded
(5 wt%) in a KBr matrix and then pressed under 5 T to have a pellet shape. For liquid samples,
such as the PSZ, a drop was placed between two dried KBr commercial windows. In both cases,
after this distinct preparation, the pellets were directly transferred to the spectrometer, to record
the spectra in the 4000 to 400 cm™ frequency range. All analyses were performed at room
temperature and data was logged by OMNIC32™ Software. The obtained spectra were
normalized based on the intensity of the peak related to Si-CHs bonds around 1250 cm?, as it
is a characteristic bond within the PSZ molecule and is not affected even if submitted to reaction

conditions.

3.4.2. Thermogravimetric Analysis & mass spectrometry (TGA-MS)

TGA coupled with mass spectroscopy was utilized to provide the weight variation profile
and identification of gaseous species released during the polymer-to-ceramic conversion of the
synthesized preceramic polymers. The utilized apparatus was a Netzsch STA 449 and an
OmniStar mass spectrometer. All tests were conducted under argon atmosphere, with a heating
rate of 10 °Cmin ranging from room temperature to 1000°C.

3.4.3. X-ray diffraction analysis

The crystalline phases of the pyrolyzed sample - ground as fine powders — were
analyzed from XRD data obtained with a Bruker D8 Advance diffractometer. The scan was
performed using the CuKal/2 radiations, from 10 to 90° [1[] with a step size of 0.02° and
acquisition time of 0.9 s per step. The diffraction patterns were analyzed using the Diffrac +
EVA software with the JCPDS-ICDD database and the program Fullprof [114] for the Rietveld
refinements when required. Scale factor, cell parameters, Ni isotropic displacement parameter
and line width parameters were refined for each phase. The profile shapes were modeled with
the pseudo-Voigt function within the Thompson-Cox-Hastings formulation. After phase
identification, the crystallite sizes were determined by the Scherrer equation (K = 0.94, A =
0.15406 nm Cu K,), in which the Full Width at Half Maximum values (FWHM, ) were
calculated by peak fitting in the software Fityk [115] using the PseudoVoigt method.

L = KA/BcosO

Where L is the crystallite size (nm).
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3.4.4. Elemental analysis

C, as well as N, O and H contents of the thermolyzed powders, are measured by hot gas
extraction techniques using a Horiba Emia-321V for carbon content and using a Horiba EMGA-
830 for oxygen, nitrogen and hydrogen contents. The Si and Ni contents of the materials are
determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using a
PerkinElmer Optima 2000DV instrument.

3.4.5. Electron Microscopy

Surface morphology analyses of ceramics treated from 700 to 1000 °C were performed
via Scanning Electron Microscopy (SEM) measurements at 10 kV and secondary electron
topography. Their compositions were determined by Energy-Dispersive X-ray spectroscopy
(EDS) employing a lower resolution SEM JEOL JSM-IT-300LV. Further observations of the
nanoparticle microstructure and morphology as well as element distribution could be done
using a field emission gun scanning electron microscope (FEG-SEM) 7900F from JEOL and
by transmission electron microscopy (TEM) with a JEOL JEM 2100F. This microscope was

also equipped with EDS from Briicker (with Esprit software) allowing the element mapping

3.4.6. Brunauer-Emmett-Teller (BET)

The Brunauer—Emmett—Teller (BET) method has been used to calculate the specific
surface area of the thermolyzed sample. The pore-size distribution is derived from the
desorption branches of the isotherms using the Barrett-Joyner—Halenda (BJH) method whereas
the total pore volume is estimated from the amount of N. adsorbed at a relative pressure (P/P0)
of 0.97. The data are collected using a Micrometrics ASAP 2020 apparatus by N2 adsorption-
desorption. Before adsorption measurements, samples were outgassed overnight at 150 °C in

the degas port of the adsorption analyzer.

3.4.7. Electrochemical measurements

Electrochemical measurements have been carried out at room temperature using a

homemade three-electrode Teflon cell connected to a potentiostat (Biologic SP-300). An
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schematic representation of this setup is given in Figure 3.5. A reference hydrogen electrode
(RHE) (Hydroflex purchased by Gaskatel) and a counter electrode made of glassy carbon (GC)
slab is used. The working electrode ias a 5 mm GC disk. A catalytic ink is prepared by
dispersing 10 mg of catalytic powder into a solution composed of 500 uL ultra-pure water
(Milipore), 500 puL of isopropanol (Sigma Aldrich, 99.5%) and 100 puL Nafion (Sigma Aldrich,
5 wt.% in lower aliphatic alcohols).
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| CE gaseous species
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Figure 3.5. Schematic representation of the electrochemical setup utilized for AWE
application essays.

The ink is homogenized by ultrasonication for 10 min. 8 uL of catalytic ink is then
deposited onto the glassy carbon disc and then allowed to dry under N2 (Air liquid, U)
atmosphere at room temperature. The catalyst loading was 0.15 mg-cm™2 for all experiments.
All measurements are performed in a nitrogen saturated 1 mol-L™* KOH electrolyte (flakes,
90%, Merck to prevent iron contamination). Cyclic voltammograms and polarization curves are
respectively recorded between 0.8 and 1.55 V vs. RHE and between 0.8 and 1.65 V vs. RHE.
Polarization curves are recorded by applying a rotating rate of 1600 rpm to the rotating disc
electrode. IR drop correction of polarization curves has been performed. For each measurement,
cell resistance is determined using electrochemical impedance spectroscopy in the capacitive
region and then further used for IR drop correction. For all measurements, a 10 mV amplitude
was applied. Impedance spectra are acquired between 100 kHz and 10 Hz region using a
potentiostat (Biologic SP-300). Acquired spectra were fitted using Biologic software (Zfit).
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Stability tests are performed using the previously described mounting except for the working
electrode. This latter was a nickel foam (Goodfellow) connected to the potentiostat using a gold
wire. Stability tests are performed in a 1M nitrogen-saturated KOH electrolyte.
Chronopotentiometric measurements are performed by applying a constant current density of
10 mA-cm2.
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4. RESULTS AND DISCUSSION

In this chapter, the design of transition metal-modified PSZ is discussed. It was performed
by the polymer-derived ceramic route aiming to obtain catalysts applicable to OER in alkaline
media that requires compounds possessing high conductivity and surface area and long-life
span. The focus of this approach was to generate powerful substitutes for the existing noble
transition metal (TM)-based catalysts, such as RuO2 or Pt/C. Compounds based on non-noble
3d TM are regarded as a potential alternative for this purpose due to their suitable features such
as low cost, vast availability, conductivity and the stability of their oxyhydroxides - compared
to their noble metal counterparts- formed during OER in alkaline media.

The use of metal nanoparticles embedded in ceramic supports is an approach of great
importance to overcome problems like aggregation and removal of TM particles from the
support. For these reasons, in recent years the PDC route has been regarded as a great alternative
to immobilize TM nanoparticles in a ceramic matrix for catalysis. Taking that into account,
distinct cobalt and nickel compounds were evaluated in this study to investigate the possibility
to design the final product properties as well as determine the most promising candidate for the
intended application.

Within this context, this chapter provides a fundamental approach related to the
generation of engineered TM-immobilized SICON with tailored porosity. The solvent effect
was investigated to have more information of the system and the results are discussed in the
first section. As different TM were employed for this goal, the second section is directed to the
modification of the polysilazane Durazane 1800® (named here as PSZ) by transition metal
acetates and acetylacetonates. Sequentially, a section devoted to PSZ modification by nickel
and/or cobalt chlorides is provided. Finally, the last section exhibits the application results of
the sample that possessed the most promising properties to be employed in AWE.

4.1. Solvent effect’s in PSZ structure

The PSZ was the only silicon source employed in this study, as it is a relatively cheap and
commercially available copolymer containing 20% of methyl/vinyl and 80% of
methyl/hydride-substituted silazane units, which is employable for preparing SICN ceramics
whether pyrolyzed under argon or nitrogen atmosphere or to generate SisN4 ceramics if treated

under ammonia.
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The choice of solvent was done based on several essays performed using DMF, THF and
toluene. Only in DMF chemical reactions between silicon and metal precursors were achieved,
which was visually observed by a fast color change in the systems as well as by characterization
tools. For that reason, DMF was chosen to be the solvent for all reactions reported in this work.
To isolate the solvent effects, and better compare the pure PSZ and PSZ-metal modified
samples, an overnight reaction of pure PSZ in DMF was carried out.

For this procedure, PSZ was added to a 3-neck round-bottom flask inside the glovebox,
further connected to the Schlenk line and then, the solvent was slowly added to it under
magnetic stirring and argon flow at room temperature. This system was kept in this condition
for 3 hours, heated up to 155 °C, kept overnight under this condition, cooled down and
submitted to solvent extraction under reduced pressure, as discussed in the standard synthesis
protocol utilized in reactions containing metal precursors described in subsection 3.2.

Regarding their visual aspect, it can be seen that at room temperature the pure PSZ is a
pale yellow liquid (Figure 4.1 (left)) whilst after the overnight reaction in DMF, a dark red
viscous liquid is generated (Figure 4.1 (right)), indicating the occurrence of chemical reactions

between the preceramic precursor and solvent.

Figure 4.1. The physical aspect of PSZ (left) and PSZ_DMF (right).

To have a better understanding of the chemical bonds formed, pure PSZ and PSZ_DMF
samples were subjected to FTIR analysis. IR spectra of these materials were normalized to the
band of methyl group present in PSZ’s structure, once no chemical reaction is expected to take
place at this group during the synthesis. As can be seen in Figure 4.2, the PSZ studied here

exhibits the expected absorption bands reported for polysilazanes [116]: 3380 cm™ (vSi-NH)
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coupled to 1160 cm™ (8N-H), 2960 cm™ and 2850 cm™ (vCH3), 2916 cm™ (v CHy), 2898 cm!
(vCH), 2140 cm™ (vSi-H), 3050 cm™ (vC=C), 1590 cm* (5C=C), 1400 cm* (vC-H), 1250 cm-
1 (8Si-CHs). From 1000 to 500 cm™, absorption bands of Si-C, Si-N, C-H, and C-C bonds are

observed, however, they cannot be easily assigned due to overlapping.
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Figure 4.2. FT-IR spectra of pure PSZ compared to PSZ_DMF sample.

As for PSZ in DMF, it can be noticed that the obtained polymer, named PSZ_DMF, kept
a very similar chemical structure to pure PSZ, as evidenced by vNH, VCH winyr), VC-Hmethyr), and
vSi-H. There is a great reduction in vSi-H (2140 cm™), whilst vNH (3380 cm™) seems to have
slightly decreased in comparison to pure PSZ. Additionally, bands of vC=0 (1658 cm™), §CH3
(1385 cm™) and vC-N (1122 cm™) assigned to DMF are observed. Besides, it seems that Si-O-
C (1110 cm™ - 1085 cm™) and/or Si-O-Si (1095-1075/1055-1020 cm™) have been formed,
being, therefore, an indication that DMF’s oxygen could interact with PSZ. The fact that vSiH
has significantly reduced suggests that dehydrogenation reactions mainly happen at this site in
presence of this solvent. These new bands observed in PSZ_DMF sample confirm that the color
change seen in Figure 4.1 is indeed related to the occurrence of chemical bonds after the

overnight reaction.
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These samples were subjected to thermogravimetric analysis coupled with a mass-
spectrometer, from room temperature to 1000 °C, to have a more precise understanding of their
composition changes during pyrolysis. It is well-known that the polymer-to-ceramic
transformation of preceramic polymers happens through several composition changes during
heat treatment under a specific atmosphere generating an inorganic and non-volatile product
[117].

Three main weight losses occur in the thermogravimetric curve of PSZ as observed by
three variations displayed in the chart presented in Figure 4.3. The first one starts below 200 °C
due to the volatilization of low-molecular compounds and dehydrocoupling reactions of
SiH/SiH and SiH/NH groups (Equations (4.1) and (4.2)), releasing dihydrogen as a byproduct.
Sequentially, PSZ’s crosslinking via transamination (Equations (4.3) and (4.4)) and
hydrosilylation reactions (Equation (4.5)), are responsible for the mass loss starting around 220
°C.

= SiH+ HSi=-=Si, = +H, 4.2)

= SiH+= SiNHSi =— Si;N+ H, 4.2)

2 = SiNHSi = — = SiNH, + (Si) N (4.3)

= SiNH,+ = SiNHSi == (Si);N + NH; (4.4)

= SiCH = CH,+ = SiH — = SiCH,CH,Si = & = SiCH(CH;)Si = (4.5)

From 250 °C to 500 °C, PSZ’s thermal degradation is mainly promoted by radical
reactions, and then, the third and last weight variation occurs from 500 to 700 °C due to radical
recombination reactions. Beyond this temperature, PSZ is fully converted into ceramic and no
further weight variation is observed, as also observed by Lale (2017). The gaseous species
released are consistent with the expected for these reactions: dihydrogen (H2, m/z = 2), carbon
(C, m/z = 12 and 13), methane (CHz m/z = 15), ammonia (NH3s, m/z= 17), ammonium (NHa,
m/z = 18), CN (m/z = 26), ethene (C2H3, m/z = 27), ethane (C2Hs, m/z = 29), methylamine
(CH3NH2, m/z = 30) (depicted in Figure 4.4).

From the knowledge of this thermal behavior and PSZ DMEF’s thermal degradation, it
can be noticed that the overnight reaction in this solvent led to an overall diminishment in final

weight loss (Figure 4.3, red lines).
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Figure 4.3. TG curves of the PSZ and PSZ_DMF (lines) under Argon atmosphere and
their DTG (dotted lines).

From room temperature to 155 °C PSZ _DMF’s weight loss should be more pronounced
once the synthesis procedure employed involves a solvent extraction step, however, its
complete removal was not achieved. Moreover, from 150 to 250 °C, the weight loss is not as
pronounced as expected considering that PSZ normally has great volatilization of oligomers in
this range. This diminishment, therefore, allows for suggesting that the higher degree of
crosslinking of the PSZ_DMF sample limits the weight loss. It most probably happens due to
the establishment of Si-O-Si and/or Si-O-C bridges in the structure of PSZ, as observed by their
characteristic bands in IR spectra. It can thus be suggested that these bridges are formed via
reduction of the amido group of DMF by Si-H groups bearing by PSZ, and that such pathway
might have been facilitated as the temperature increased.

From 250 to 500 °C, an almost complete disappearance of the second weight loss due to
transamination and dehydrocoupling reactions occurred and from 500 to 750 °C methane and

hydrocarbon elimination are the main responsible for the weight loss seen by PSZ DMF’s

DTG.
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Figure 4.4. Gaseous species released during PSZ's thermal degradation.
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Figure 4.5. Gaseous species released during PSZ _DMF’s thermal degradation.



4.2.Modification of PSZ with metal acetates and acetylacetonates

The approach presented in this subsection was focused on evaluating the effect of using
different metal precursors containing sp? carbon, which is known for increasing materials’
conductivity. For that, cobalt and nickel acetates and acetylacetonates were investigated as
metal precursors.

Regarding reactions with metal precursors, before the synthesis, both TM acetates (Mac)
and acetylacetonates (Macac) were dried overnight at 96 °C. Further, these metal precursors
were kept under vacuum for one hour before being placed inside the glove box to extract water
before each reaction. Overnight reactions between PSZ and Coac or Niac as well as PSZ with
Coacac or Niacac discussed here were performed in a Si:TM ratio of 2.5. This ratio was chosen
to reach a sufficiently high amount of TM nanoparticles above 35 wt%. As depicted in Figure
4.6, reactions with these metals resulted in dark viscous products noticeably containing residual
solvent trapped due to the difficulty of complete solvent removal.

= e

PSZCoac2.5 PSZNiac2.5 PSZCoacac2.5 PSZNiacac2.5

Figure 4.6. As-obtained PSZ modified with Co and Ni acetates and acetylacetonates.

As-obtained PSZCoac2.5 and PSZNiac2.5 as well as their corresponding pure metal
precursors IR spectra are given in Figure 4.7 and Figure 4.8, respectively, in comparison to
PSZ_DMF sample. Both PSZCoac2.5 and PSZNiac2.5 exhibit absorption bands related to vVNH
and vCH of vinyl from the PSZ structure, as well as bands observed in PSZ_DMF, such as C=0
(1650 cm™), Si-O-C (1110 cm* - 1085 cm™) and/or Si-O-Si (1095-1075/1055-1020 cm™Y). The

absorption bands corresponding to C=0 vibration can be attributed to both the presence of DMF
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and the formed Si—-OOCCHz3 in the precursors suggesting a successful chemical reaction
between the TM acetate tetrahydrate in both polymers via the silicon centers [118].

The absorption band of vSiH almost disappeared in PSZCoac2.5 and completely vanished
in PSZNiac2.5. Moreover, the vibration band of vinyl groups at 3042 cm™ is equally absent in
both polymers, indicating hydrosilylation reactions occurrence. Concerning metal precursors’,
both polymers show absorption bands of the acetate group at 1560, 1415 and 1368 cm™. The
broadband seen at 3500 cm™ indicates the presence of hydroxyl groups, hence, confirming that
hydration water molecules from Coac and Niac were not completely removed even after drying
and being kept under vacuum, therefore, agreeing with the visible aspect observed during

synthesis and shown in Figure 4.6.
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Figure 4.7. FT-IR spectra of pure Coac and PSZCoac2.5 sample in comparison to
PSZ_DMF sample.

Notably, the diminishment or disappearance of the absorption band of SiH from PSZ
along with the disappearance of vibration of vCHyinyiy at 3040 cm™ are effects that together
indicate hydrosilylation reactions between the groups vSiH and 6Si-CH=CH> occurred, most
probably because Ni or Co acted as catalysts [118]. It is not evident to observe a decrease in

the intensity of bands related to NH groups. Additionally, hydrolysis reactions of vSiH and vNH
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should be mentioned, as it can be the reason for the formation of silanol groups (SiOH) that
could condensate forming Si-O-Si. On the other hand, the presence of DMF should also be
considered regarding Si-O-C and Si-O-Si formation. By employing NMR analysis it would be
possible to better evaluate and conclude which compound promotes these bond formations,

nevertheless, the sample reactivity did not allow a proper investigation by this technique.
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Figure 4.8. FT-IR spectra of the pure Niac and PSZNiac2.5 sample in comparison to
PSZ_DMF sample.

These results are in good agreement with the findings of Wang et al., (2020). The authors
investigated reactions of PSZ with several metal acetates in THF, including anhydrous Co(ac):
and Co(ac)2.4H20. According to what they reported, hydrosilylation reactions led to
carbosilane bonds (-Si-C-C-Si-) formation, as demonstrated in equation (4.6), as well as an
associated evolution of H. (equation (4.7)) and NH3 (equation (4.8)). Furthermore, crosslinked

Si-O-Si bonds were also generated, according to the reaction exposed in equation (4.9).
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=Si—-H+ H,0-=8Si— OH+ H, (4.7)
—SiH, — NH — + H,0— —SiH, — OH + NH, (4.8)

More recently, Wang et al., (2021) published a study in which Niac was used to react
with PSZ and PHPS in THF to generate silicon oxycarbonitride ceramics. The authors also
observed a similar decrease in vSiH band and pointed out that absorption bands of C=0
vibration can be attributed to the formation of Si-OOCCH3 in both precursors evaluated.
Although in the present thesis, the appearance of C=0 vibration cannot be ascribed solely to
the formation of Si-OOCCHj3, as DMF also possesses this group on its structure, it is probably
one of the bonds formed after PSZ’s dehydrocoupling reactions at the SiH site. A possible
reaction mechanism of PSZ and Niac leading to the formation of Ni nanoparticles at the

polymer level was even proposed (Figure 4.9).
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Figure 4.9. Possible mechanisms of reaction between PSZ and Ni(Ac)2.4H20 forming
metallic nickel nanoparticles [119].

With regards to PSZCoacac2.5 (Figure 4.11) and PSZNiacac2.5 ( Figure 4.12), the first
observation that can be mentioned is the disappearance of the band attributed to Si-H bonds
suggesting that there is at least a reaction between Macac and PSZ. As with regards to the
reaction mechanism between PSZ and Macac, it should involve the condensation reaction of
the Si—H groups from PSZ and the M—O groups from Macac (Figure 4.10), also previously

reported in a research article on PSZ modification with metal acetylacetonates [120].
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Figure 4.10. Scheme of possible reaction between PSZ and M(acac)2, adapted from
[120].

This suggestion was based on a study reporting the reaction of polycarbosilane (PCS)
with Zracacs. It proceeds by the condensation reaction of the Si-H bonds in PCS and the ligands
of Zracacs accompanied by the evolution of acetylacetone resulting in a molecular weight
increase based on the formation of Si-Zr bonds [120]. However, the steric hindrance was found
to be a difficulty for all Macac ligands to execute the condensation reaction. This effect is
observed here by the finding that characteristic absorption peaks at 1520 cm™ (C=C stretching)
and 1575 cm™ (C=0 stretching) derived from ligands of Macac remaining in the spectra of
PSZCoacac2.5 (Figure 4.11) and PSZNiacac2.5 (Figure 4.12). The signature of DMF is
observed through the bands of vC=0 (1658 cm™), SCH3 (1385 cm™) and vC-N (1122 cm'Y).
Bands related to SiOC (1110 cm™ - 1085 cm™) and/or Si-O-Si (1095-1075/1055-1020 cm™)

units are also identified.
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Figure 4.11. FT-IR spectra of pure Coacac and PSZCoacac2.5 sample in comparison to
PSZ_DMF sample.
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Figure 4.12. FT-IR spectra of pure Niacac and PSZNiacac2.5 sample in comparison to
PSZ_DMF sample.

The thermal behavior of metal acetate- and metal acetylacetonate-modified PSZ in DMF

was evaluated to compare and verify the effects of their chemical structures on the whole system

and the results are discussed in the next subsection.
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4.2.1. Thermal behavior investigation of metal acetate- and metal
acetylacetonate-modified PSZ

PSZCoac2.5 (Figure 4.13) exhibits a significant weight loss of almost 30% until 300 °C,
which is not in line with those reported in the literature [120]. This disparity is mainly associated
with DMF and low-weight molecules’ volatilization, as observed by the release of carbon (C,
m/z = 12 and 13), methane (CHz m/z = 15), Oxygen (O, m/z= 16), CN or CoH2 (m/z = 26),
ethene (C2H3, m/z = 27), carbon monoxide (CO or CoHa, m/z= 28), ethane or formyl radical
(C2Hs, CHO m/z = 29), methylamine (CH2NH2, m/z = 30) and carbon dioxide (CO, m/z = 44)
(Figure 4.14). The second variation from 250 to ~650 °C, presents a crescent evolution of H»
(m/z = 2), oxygen (m/z= 16), hydroxyl or ammonia (m/z= 17), and water or ammonium (m/z =
18), corroborating with the hypothesis that hydrosilylation reactions led to carbosilane bonds.
Moreover, Hz and NHz release can also be attributed to concomitant PSZ’s dehydrocoupling,
thermal crosslinking, and transamination reactions. The last variation is solely related to H> and
ends at around 900 °C leading to a final ceramic yield of 62.27%.

As for PSZCoacac2.5 (Figure 4.15), the first weight loss is around 15%, most probably
because the sample is more crosslinked than PSZCoac2.5, which is also reflected by the greater
ceramic yield. In this case, DMF and low-weight molecules’ volatilization start slightly shifted
(~150 to 300 °C) (Figure 4.16), being more pronounced above 200 °C. The second variation,
in the region from 400 to 800 °C, is mostly associated with Hz (m/z = 2), carbon (m/z = 13),
methane (CHz m/z = 15), Oxygen (O, m/z=16), CN or C2H> (m/z = 26), ethene (C2Hs, m/z =
27), (CoHs or CO, m/z= 28) and methylamine (CH2NH2, m/z = 30). Even though
acetylacetonate evolution was not observed, the release of these species might have enabled the

condensation of Si and Metal.
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Figure 4.16. Mass spectrum of PSZCoacac2.5 treated under argon atmosphere.

Interestingly, the PSZNiac2.5 sample exhibits a distinct thermal behavior in comparison
to PSZCoac2.5, which is firstly visible by the three weight losses below ~550 °C shown in TG
and DTG curves in Figure 4.17.
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For instance, the release of CO or CoHs (m/z= 28) is reduced (Figure 4.18). Carbon
dioxide (CO2, m/z = 44) seems to become to be released only around 300 °C. Furthermore,
dihydrogen (Hz, m/z = 2), carbon (C, m/z = 12 and 13), methane (CH3 m/z = 15), oxygen (O,
m/z= 16), CN or Cz2H2, (m/z = 26), ethene (C2Hs, m/z = 27), carbon monoxide (CO or CzHa,
m/z= 28), ethane or formyl radical (C2Hs, CHO m/z = 29) and methylamine (CH2NHz, m/z =
30) release has happened at higher temperatures. Likewise, the PSZNiacac2.5 sample (Figure
4.19) did not follow PSZCoacac2.5’s trend, exhibiting a first weight loss of ~30% until 150 °C,
a second one from ~150 to 250 °C not that evident to visualize in the mass spectrum and the
third one from 250 °C to 800 °C which is majorly associated with dihydrogen and methane

release (Figure 4.20).
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Figure 4.20. Mass spectrum of PSZNiacac2.5 treated under argon atmosphere.
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In both cases, it can be noted that the presence of metal precursor has altered the thermal
behavior in comparison to the observed for PSZ_DMF. Additionally, the type of metal

precursor demonstrated to strongly change the thermal conversion into ceramic.

As-obtained polymers were pyrolyzed at 700, 800 and 1000 °C under an argon
atmosphere and further characterized by XRD to observe their crystallization patterns which

are discussed below.

4.2.2. Ceramics characterization from 700 to 1000 °C

This subsection has the focus of attention directed to changes in metal precursor, pyrolysis
temperature and their effects on obtained ceramics. XRD patterns of PSZ modified by cobalt
acetate at 700, 800 and 1000 °C are given in Figure 4.21.
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Figure 4.21. XRD pattern of PSZCoac2.5 pyrolyzed at 700°C (PSZCoac2.5_7), 800°C
(PSZCoac2.5_8) and 1000°C (PSZCoac2.5 10) under argon atmosphere.

The addition of Co in PSZ to form PSZCoac2.5 leads, after pyrolysis at 700 °C in flowing
argon, to the main identification of a  (fcc)-Co phase (space group Fm-3m, lattice constant a
=0.35447 nm, ICDD No. 00-015-0806) in the XRD pattern, as confirmed by the indexation of
the peaks at 20 =44.37°, 51.59° and 76.08° to (111), (200) and (220) planes, respectively [121].
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In addition, it can be observed the emergence of two poorly intense XRD peaks at 20 = 41.9°
(100) and 47.6° (101), which positions are related to the diffraction of the a (hcp)-Co phase
(space group P63/mmc, lattice constants a = 0.25071 nm, ¢ = 0.408686 nm, ICDD 04-001-
3273) [121]. It is well known that at normal conditions, bulk cobalt crystallizes in two phases:
hexagonal closed packing (hcp, a) and face-centered cubic (fcc, B) [122]. The striking
difference between these two phases is due to atoms’ stacking, i.e., in B-Co, it is ABCABC
while in a-Co, it is ABABAB [123].

After pyrolysis at 800 °C, the phase composition and crystallinity of the samples
remained quite stable, whilst when the temperature rose to 1000 °C a growth of a Co2Si phase
(ICDD 04-003-2126) was induced and the peaks related to a-Co disappeared. The
identification of the Co.Si phase (peaks at 45.2°, 45.9°, 48.7° and 53.7°) indicates that the Si
center reacted further with a CoSi phase, possibly identified through the weak and diffuse peak
at 20 = 25.4 (even though it could correspond to free carbon (002)) and 46.9° after pyrolysis to
700 and 800 °C. Moreover, it should be pointed out that CoSi is a metastable phase tending to
further react with Si to form the CoSi; phase [124].

The effect of nickel on the structure of samples derived from PSZNiac2.5 was also
investigated by a thermal treatment under the same conditions applied for PSZCoac2.5 and its
XRD patterns are presented in Figure 4.22. It can be seen that XRD diffractograms obtained

for the three temperatures evaluated show quite similar structures.
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Figure 4.22. XRD pattern of PSZNiac2.5 pyrolyzed at 700°C (PSZNiac2.5_7), 800°C
(PSZNiac2.5_8) and 1000°C (PSZNiac2.5_10) under argon atmosphere.

The heat treatment of PSZNiac2.5 at 700 °C resulted in the formation of nickel crystals
(ICDD 00-004-0850) based on the identification of three characteristic diffraction peaks for
pure nickel at 20 =44.48, 51.83 and 76.35°. These peaks correspond to the indexed (111), (200),
and (220) lattice planes of the stable face-centered cubic (fcc) structure of Ni, respectively. This
phase composition was characteristic of the evolving system from 700 to 1000 °C. This means
that samples prepared from PSZNiac2.5 represent Ni nanoparticles distributed in an amorphous
Si-C-O-N matrix. However, at the highest temperature (1000 °C), new weak peaks could be
identified. It can be suggested that they correspond to nickel silicide (NisSi, file No. 01-089-
5155) in the cubic crystal form at 26 = 25.35° (100) and 36.17° (110). Prior reports have also
obtained similar results by pyrolyzing Ni(ac)2-modified PSZ under argon atmosphere at 700,
900 and 1100 °C [105,119].

According to the results provided by the authors, the metallic nickel phase is formed even
at 700 °C when Ni(ac)2.4H.0 was reacted with PSZ, whereas, by employing PHPS, the
resulting material exhibits an amorphous structure. In addition, Ni>Si, SiC and C phases were
observed in the temperature range investigated. Based on these and other results, it was

concluded that Niac initially reacts with PSZ by SiH groups, resulting in acetosilyl groups
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(CH3COO-Si-) and H> gas release as well as an in situ formation of Ni nanoparticles, which is
ascribed to the electron transfer from negatively charged hydrogen in -Si-H to Ni?* of Niac.
Due to that, the reduction of Ni%* gives rise to metallic nickel nanoparticles along with H;
evolution and formation of acetic acid. Therefrom, the latter reacts with SiH and Si-NH-Si
groups evolving Hz2 and NHs gases. Such reaction path is in good agreement with their similar
study employing trans-[bis(2-aminoetanol-N,O)diacetato-nickel(I1)] as the metal precursor to
react with PSZ, which formed a nanoporous Ni/SICN(O) system also having nickel

nanoparticles in situ generated.

Similar to what was observed in PSZCoac2.5 treated at 700 and 800 °C (Figure 4.23),
both B (fcc)-Co phase (ICDD No. 00-015-0806) and a (hcp)-Co phase (ICDD 04-001-3273)
[121] are seen in PSZCoacac2.5 [121]. As for PSZNiacac2.5 (Figure 4.24), the XRD
diffractograms obtained only exhibit the stable face-centered cubic (fcc) structure of nickel
crystals (ICDD 00-004-0850) at 20 = 44.48, 51.83 and 76.35° and in the lowest temperature
(700 °C).
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Figure 4.23. XRD pattern of PSZCoacac2.5 pyrolyzed at 700 °C (PSZCoacac2.5_7) and
800 °C (PSZCoacac2.5_8) under argon atmosphere.
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Figure 4.24. XRD pattern of PSZNiaacc2.5 pyrolyzed at 700°C (PSZNiacac2.5 7) and
800°C (PSZNiacac2.5_8) under argon atmosphere.
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Because the modification of PSZ with metal acetate or acetylacetonate has the
complication of releasing several species that are not of interest for an in-depth investigation of
the chemical reactions occurring, this study was directed to the investigation of PSZ’s
modification employing metal chloride precursors. This approach is detailed in the following

section.

4.3.Modification of PSZ with metal chlorides and their amino complexes

This section is devoted to the description of the in situ formation of metallic Ni
nanocrystallites within the PDC matrix monitored by using a complete set of characterization
techniques including infrared spectroscopy, thermogravimetric analysis (TGA), elemental
analysis, powder X-ray diffraction (XRD), and transmission electron microscopy (TEM)
observation. This approach was focused on the use of nickel and cobalt chlorides aiming to
restrict chemical interactions between the precursors as much as possible, which could not be

achieved with the previous metals utilized.

4.3.1. Modification of polysilazane with Co and Ni chlorides

Precursor preparation occurred also in DMF, which was used for mixing PSZ containing
highly reactive Si-H and N-H bonds with TM chloride (TM = Co, Ni) while promoting PSZ
crosslinking to form a solid compound. The synthesis has been carried out with predetermined
atomic Si:TM ratio from 1 to 10 to achieve various TM content in the final compound for the
targeted reaction. The mixing of both metal precursors reacting with this polysilazane was also
investigated to verify if the conductivity would increase generating a bimetallic-containing
ceramic with features comparable to those of products generated by utilizing only one metal
precursor. However, we will mainly consider Ni-containing precursors with a ratio Si:Ni of 2.5;
it is labeled PSZNi2.5DMF, to keep the investigation using the same Si: TM ratio discussed in
the previous section. Figure 4.27 illustrates the different reaction steps for this sample based on
the evolution of solution color which changed from orange to dark green in a few minutes after
adding PSZ to NiCl,, ending owing a general blackish tone with some blue highlights after
DMF extraction.
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Figure 4.25. PSZNi2.5 evolution and proposed reaction mechanism.

To precise the contents of elements present in as-synthesized PSZNi2.5 and thermolyzed
PSZNi2.5 5 powders, elemental analysis was conducted (Table 4.1), allowing the
determination of the respective following empirical formulas: Si1.0C36N1.501.2Hg3Nig4Closand
Si1.0C25N0.4014H44Ni11 in comparison to that of PSZ (Si1.0C15N1.1000Hs6). From these
empirical formulas, it can be seen that the atomic ratio between CI:Ni calculated (0.8:0.4) for
the polymer PSZNi2.5 is identical to that of NiCl. This equality together with the Si:Ni ratio
(2.5) erroneously suggests that no significant release of chlorine- and silicon-containing species
occurred during reactive blending when, indeed, relatively high incorporation of oxygen atoms
into PSZNi2.5 backbone has happened, as can be seen by comparison with PSZ. Once both
precursor synthesis and thermolysis were carried out under an argon atmosphere, this oxygen
incorporation can be correlated to the use of DMF.

Table 4.1. Elemental composition (wt%) of PSZNi2.5 and PSZNi2.5 5 in comparison

to PSZ.
Sample C H N (@) Ni Si CI*
PSzZ 273 83 22.7 0.4 - 41.3 -

PSZNi2.5 241 53 11.8 10.8 14.8 15.8 17.4
PSZNi255 193 29 3.6 14.7 41.3 18.2 -
*Omitted in pyrolyzed sample (PSZNi2.5_5 due to its very low content of 0.5 wt%.

To explain the incorporation of oxygen in the system, it is suggested that NiCl. catalyzes
the reduction of DMF’s amido group by the Si-H group from PSZ, allowing the bonding of
oxygen from the carbonyl group as well as providing amines and Si-O units to the resulting
sample. This assumption is in good corroboration with the thermal reduction of amides to
amines by hydrosilanes with transition metals acting as catalysts previously reported by Arias-

Ugarte et al., (2012). In addition, the greater content of nitrogen, carbon, oxygen and hydrogen
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observed in the empirical formula of PSZNi2.5 compared to that of PSZ indicates the presence
of trapped residual DMF (C3H7O2N).

To have more information regarding the precursor interaction, the sample were
characterized by FTIR. Noticeably, the spectrum of PSZNi2.5 (Figure 4.26) exhibits one
intense band attributed to NiCl, at 1612 cm™ along with the presence of three characteristic
bands assigned to DMF signature at 1658 cm™ - which appears as a shoulder on the left of the
NiCl, band, 1385, and 1122 cm™, assigned to C=0 stretching, —CHs bending, and C-N
stretching, respectively. Bands related to DMF identified in the spectrum of PSZNi2.5 also
appear in the spectrum of the PSZ solubilized in DMF - labeled PSZ_DMF - that underwent

the same synthesis procedure as PSZNi2.5, however, without NiClo.
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Figure 4.26. FTIR spectra of PSZ, PSZ_DMF and PSZNi2.5_5 samples.

The single N-H band (1169 cm™) present in PSZ spectrum also turns a quadruplet from
1168 to 980 cm, indicating that NH groups from PSZ associate with C=0 groups from DMF
via N-H-~O=C hydrogen bonding, hence, reinforcing that crosslinking reactions occur via Si-

O linkage formation, turning the PSZ into an N- and O-donor organosilicon polymer.
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In comparison to PSZ and PSZ_DMF, the bands related to Si-N stretching in Si-N-Si
units at 904 cm™ as well as Si-C bonds at 779 cm™ sharpen. Absorption bands related to vNH,
vCH of vinyl and methyl groups, vSiH, vC=C and dNH in Si-N-Si units significantly decrease
or almost vanish, whilst those of CH, and CH3z from 1530 to 1340 cm™ appear, pointing out

dehydrocoupling reactions of NH and SiH, and hydrosilylation reactions of SiH across -C=C-.

Wan et al., (2019) have reported alike effects concerning the use of TM compounds as
catalysts promoting a remarkable increase in hydrosilylation rate and decreasing the
temperature at which such reaction happens. Moreover, since the discovery of homonuclear B-
B bonds published by Corcoran and Sneddon (1984), the use of TM to catalyze
dehydrocoupling reactions forming bonds between main groups such as groups 14 and 15 - like
the element-element bonding of Si-N coming from dehydrocoupling in the temperature range

of 20-90 °C - has been investigated as a convenient alternative to traditional routes [128].

Considering the above-discussed results, the synthesis condition (DMF reflux) and the
fact that a fast color evolution happens during precursor preparations, especially the ones
containing NiClz, as shown for PSZNi2.5 in Figure 4.25, some important reaction aspects can
be anticipated: firstly, the metal salt is most probably incorporated in the PSZ network via
silylamino and/or siloxane ligands, as shown by the coordination of Ni?* to these favorable
ligands in the side groups of PSZNi2.5. In addition to that, the polymer represents a
Ni:organosilicon polymer coordination complex in which the metal catalyzes crosslinking
linkages through Si-O-Si, Si-C-C-Si and Si-N-Si units formation that arises from DMF’s
reduction by Si-H, hydrosilylation and dehydrocoupling reactions, respectively, hence,

generating a highly crosslinked compound.

After a better understanding of the interactions between nickel chloride and preceramic
precursor in the ratio of 2.5, the ratios 10, 5, and 1 were tested, leading to dark
yellowish/brownish and grey/bluish powders. Besides the change in Si:Metal molar ratio,
reactions with cobalt chloride were also evaluated (see Table 3.4 (page 53)). Figure 4.27 shows

the final aspect of as-obtained polymers.
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Figure 4.27. As-obtained TM Chloride modified-PSZ polymers according to the
Si:Metal ratio.

The effect of mixing both metal chlorides was investigated in the molar ratio of PSZ to
metal fixed at 5, that is, PSZ:Co = 5 and PSZ:Ni = 5, and in the ratio of 1.3 with regards to
cobalt and 0.7 for nickel, to compare the impact of such differences in the final product. For
these syntheses, both CoCl> and NiCl> were simultaneously added to the flask inside the
glovebox taking into account that they possess distinct reactivities as well as to avoid further
opening of the system. These samples were named PSZNi5Co5 and PSZCo1.3Ni0.7,

respectively.

Similar effects observed in the as-discussed PSZNi2.5 are seen for other PSZMx. Figure
4.28 and Figure 4.29 show the IR spectra of Co- and Ni-containing PSZ. It is observable that
both cases show an intense band of MCl, at 1612 cm™. Similarly to PSZ_DMF, bands assigned
to DMF signature are detected at 1658 cm™ (vC=0), 1385 cm™ (§CH3) and 1122 cm™ (vC-N),
whilst bands not observed at 3301 cm™ and 1715 cm™ in pure PSZ and PSZ_DMF are seen for

both metal-containing polymers.

The single N-H band (1169 cm™) also turns a quadruplet from 1168 to 980 cm™, and NH
groups from PSZ associate with C=0 groups from DMF via N-H~O=C hydrogen bonding.
Bands related to Si-N stretching in Si-N-Si units at 904 cm™, as well as Si-C bonds at 779 cm”
! sharpen and a decrease or almost disappearance of VNH, vCH of vinyl and methyl groups,
vSiH, vC=C and 6NH in Si-N-Si units in these other metal-containing polymers is observed as
in PSZNi2.5. Compatible, absorption bands of CH, and CH3 from 1530 to 1340 cm
appearance points out dehydrocoupling reactions of NH and SiH, and hydrosilylation reactions
of SiH across -C=C-.

87



Wavenumber (cm™)

PSZ DMF .
VNH
CoCl, ~ VeHinyh
~
=
o |PSZCo5
Q
=
e
£ |PSzCo2.5
7]
c
s
F
PSZCol
/ “CH,
VC-H‘(_[Eethyl) VC»OV 7(\);(:0(:1 ‘V(‘N Si0C
' T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Figure 4.28. FT-IR spectra of pure CoCl, and Co-modified PSZ polymers in the ratios
of 5, 2.5, and 1 compared to PSZ_DMF sample.
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Figure 4.29. FT-IR spectra of pure NiCl, and Ni-modified PSZ polymers in the ratios of
10, 5, 2.5, and 1 compared to PSZ_DMF sample.
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These phenomena can also be discussed in terms of the Si:Metal molar ratio. For instance,
in the smaller content of nickel precursor (PSZNil0), a broader intensity of N-H group is
observed. By increasing its content, that is, reducing the silicon-to-metal molar ratio, the
intensity of N-H bond significantly reduces as observed for both PSZNi5 and PSZNi2.5
polymers. PSZNil is the only sample that did not follow this trend, instead, it exhibits a broader
band comparable to the observed in pure NiClz. Probably, the higher metal content catalyzes
the association of NH groups from PSZ with C=0 groups from DMF via N-H-O=C hydrogen
bonding and favors dehydrocoupling reactions as seen by a more prominent stretching of Si-O-
C and the narrower band of Si-H in comparison to the other samples. On the other hand, the
greater metal content likely originates more byprodutcs such as H.O, explaining the broadband
from 3000 to 3600 cm™.. From these conclusions, the molar ratio of 2.5 is the one providing the

higher metal content without compromising the occurrence of important chemical reactions.

With regards to the mixing of metals (Figure 4.30) whether the molar ratio between Si
and each metal is the same, it seems that complete crosslinking of PSZ is reached, as evidenced
by the disappearance of 6SiCH=CH2, vCH, and vSiH. Along with that, Si-O-C and Si-O-Si
bonds are barely observed, whereas a broad intensity of vC=C and dCH deformations (1590
cm? and 1400 cm™) is seen. By changing the molar ratio between silicon and both metal
precursors (PSZCo01.3Ni0.7), the content of NiCl, is greater than that of CoCl> due to the
smaller molar ratio of 0.7. This sample shows a small band of vCH, a sharp band of vSiH, and
more expressive stretching of vSi-O-C/Si-O-Si bonds than PSZNi5Co5.

Recently, Yang and Lu (2021) evaluated the catalytic effect of Fe, Co, and NiCl, and
demonstrated that the difference in the electronic configuration of Ni ([Ar]3d®4s?) and Co
([Ar]3d’4s?), which gives a d shell occupancy of 8 and 7 electrons, concomitantly, has an
important influence on which metal will be more catalytically active. Taking that into account,
and the reactivity order of Fe>Co>Ni, these contrasting results of mixing TM with PSZ might
happen because when metals are available in the same ratio, cobalt could have a major impact
than nickel, whereas when there is a greater content of the later, the system could rather catalyze
interactions between PSZ and DMF, corroborating with the effects of TM on the evolution of

polymer-derived SiOC evaluated in the reference study [129].
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Figure 4.30. FT-IR spectra of the mixed metals precursors with PSZ in the total ratios of
5and 2.

Although FTIR characterization has brought interesting evidence about the reactions
involved in the system in question, further analysis must be done to confirm it. In view of that,
the thermal behavior was investigated for more precise information and is discussed in the

following subsection.

4.3.1.1. Thermal behavior investigation of metal chloride-modified PSZ

The thermal behavior of the precursors previously analyzed has been monitored using TG
analyses occurring under flowing argon. Figure 4.31 shows the thermal behavior of polymers
generated with CoCl; in the three Si:Co ratios investigated, whereas Figure 4.32 is dedicated to

samples generated utilizing NiCl as the metal precursor.
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Figure 4.32. TG analysis of pure PSZ, PSZ_DMF and Ni-modified PSZ polymers in
different Si:Ni molar ratios under Argon atmosphere.



Firstly, it is possible to observe that metal-containing PSZ products exhibited a similar
thermodegradation pattern according to the Si:Metal ratio. By increasing the metal content, a
reduction in ceramic yield was observed for both Co and Ni precursors. Likewise, a previous
study from this research group reported a similar trend concerning ceramic yield reductions
when polymers obtained by reacting PSZ with Ni- and CoCl; in toluene were submitted to

thermogravimetric analysis under argon atmosphere [130].

With a mass spectrometer coupled to TGA, it was possible to detect the gaseous species
released during PSZCox and PSZNix samples' thermogravimetric essay. Apart from ammonia
(NHs, m/z = 17), all species detected in Ni-containing PSZ are seen for PSZCox samples:
dihydrogen (Hz, m/z = 2), carbon (C, m/z = 12 and 13), methane (CHsz m/z = 15), ammonia or
hydroxyl (NH3 OH, m/z= 17), ammonium or water (NH4 or H20, m/z = 18), CN or CoH, (m/z
= 26), ethene (C2H3, m/z = 27), ethane or CHO (C2Hs, CHO m/z = 29), methylamine (CH3NHz,
m/z = 30), CoH3N (m/z = 41), CoHsN (m/z = 42), CoHsN (m/z = 43), carbon dioxide (CO2, m/z
= 44), and ethylamine (C2HsNH2, m/z = 45).

As mentioned earlier, dihydrogen is a product of dehydrogenation reactions, whilst
ammonia and ammonium could be generated by thermal crosslinking and transamination
reactions. Both cleavage of C=C bonds and SiCHs decomposition are responsible for CH4
release. Once the solvent is the only possible source of oxygen in the system, carbon dioxide is
highly like to be released from DMEF’s volatilization, which happens from 100 to 300 °C.
Finally, hydrocarbon release may indicate chain cleavage by the elimination of side groups and
also polyaddition reactions at the Si-Vi site and methyl/vinyl radical reactions (from 200 to 300
°C), which are chemically demonstrated by Equations (4.10) and (4.11), respectively. These
byproducts could be further bonded to nitrogen and/or amine groups, forming CN, CH3NH,
C2H3N, C2HsN, CzHsN, and CoHsNH2. Since no chlorine compound was detected in MS
analyses, it might be another sign of Cl, incorporation into PSZ network.

n(= SiCH = CH,) »= Si(CHCH,), (4.10)
= SiCHCH,+ = SiCH; — = SiCH,CH,CH,Si = or = SiCH(CH;)CH,Si = (4.11)

In addition to these results, it is worth pointing out that in the molar ratio of 1, PSZNil’s

ceramic yield was 41.27% whereas the sample PSZCol reached only 23.71%. As for the mixing
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of metals, PSZNi5Co5, the ceramic yield is found to be 35.45%, whilst for PSZCo01.3Ni0.7, it
is reduced by almost 3% (Figure 4.33).
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Figure 4.33. TG analysis of the Bimetallic-containing PSZ in different Si:Metal molar
ratios under Argon atmosphere.

Taking into account that the ratio of 2.5 is the one that provides the greater metal content
without compromising the material’s properties, PSZCo02.5 and PSZNi2.5 were chosen to be
investigated in more detail and heat treated under argon atmosphere at 500 °C. This temperature
was defined based on previous thermal investigations performed from 300 to 1000 °C to
determine the best condition to reach high SSA. Furthermore, in recent studies, the face-
centered cubic crystal (fcc) structure transformation to hexagonal-centered cubic (hcc) one has
been reported to occur at around 450 °C, being then, another reason to perform pyrolysis at this
relatively low temperature, once these metastable Ni phases magnetic properties are of great
interest for industrial use as catalyst [131]. Having said this, and as can be concluded from the
TG curve of PSZNi2.5, 500 °C is considered the minimum temperature at which the weight
loss rate is strongly reduced meaning that an inorganic sample is mainly delivered. Hence, the
evolution of PSZNi2.5 properties was analyzed in the temperature range 500 - 1000 °C and will

be discussed in section 4.3.1.2 (page 94).
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4.3.1.2. Characterization of PSZNi2.5 after heat-treat at 500 °C

The thermolysis at 500 °C led to a compound, hereafter labeled PSZNi2.5 5, with an

empirical formula of Si10C25No.401.4H4.4Niy1 (referenced to Siyo, see

Table 4.1), a great decrease in Si:Ni ratio (0.9) has happened in comparison to the ratio
of 2.5 defined for precursor synthesis. This reduction is associated with chlorosilane release
during pyrolysis, causing a full elimination of chlorines as confirmed by the measured CI
content as low as 0.5 wt%. Furthermore, compared with Si and N contents, the high content of
carbon indicates the presence of free carbon, as frequently reported in polysilazane-derived

ceramics [132].

This sample was also submitted to Brunauer-Emmett-Teller (BET) analysis to evaluate if
the pyrolysis at this relatively low temperature yielded a high specific surface area. As can be
seen in the N2 adsorption presented in Figure 4.34, the sample PSZNi2.5_5 displays a well-
defined type Il isotherm, which exhibits a shape characteristic of unrestricted monolayer-
multilayer adsorption at high p/p°, as proposed by IUPAC [133]. In a relative pressure range of
0.2 to 1.0, there is a distinct Hz hysteresis loop implying that aggregates of plate-like particles

are formed originating slit-shaped pores [134].
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Figure 4.34. N2 sorption isotherms of PSZNi2.5_5 thermolyzed under argon
environment.

A surface area of 311 m?.g?' was measured and a t-plot analysis was performed to
determine the volume of pores. The results indicate the presence of several micropores with an
area of 201 m2.gL. This high intrinsic microporosity is a result of residual DMF and gaseous
species evolution that happens in the low-temperature regime of pyrolysis [135]. These
characteristics strongly suggest that PSZNi2.5 5 is suitable to be applied in OER as it could

allow easy access to the active Ni sites.

From the XRD patterns of PSZNi2.5 pyrolyzed at 500 °C depicted in Figure 4.35, it was
possible to identify the crystalline phases providing the active sites for OER application. Note
that the dominant diffraction peaks are at 20 = 44.5°, 51.8° and 76.4° assigned to the (111),
(200) and (220) lattice planes of the structure of stable face-centered cubic (fcc) Ni, with cell
parameter a= 0.352 nm (file JCPDS no. 04-0850). The other peaks of lower intensities observed
at 41.9° (100), 47.6° (101), 62.5° (102) and 84.1° (103) correspond to the interstitial-atom-free
(IAF) hexagonal close-packed (hcp)-Ni phase, as also observed by Bolokang and Phasha
(2011).
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Figure 4.35. XRD pattern of PSZNi2.5_5 pyrolyzed under argon atmosphere.

Chiang, Chiang and Shieu (2014) have identified such a metastable phase as a possible
intermediate phase throughout the transformation of NisC into fcc-Ni. Supporting these
findings, it could be concluded that the results obtained for PSZNi2.5 5 in the present work,
are consistent with the crystalline behavior expected for nickel when treated in such a low-

temperature regime of pyrolysis.

Even though the above-mentioned results are consistent with published studies, this
conclusion cannot be drawn only by phase analysis once peaks overlapping is a common
drawback of this qualitative investigation. This issue is grounded on the fact that the phase
analysis alone does not discriminate overlapped individual Bragg reflections. Instead, it solely
enables the determination of the crystal system and lattice parameters by peak fitting and
indexing [137]. Therefore, a quantitative analysis is paramount to distinguish which phase was

truly formed as well as to quantify their fractions in case two or more phases coexist.

For that goal, the Rietveld refinement is a mathematical method developed in the late
1960s to refine powder structures by minimizing differences between intensities of observed
data and a known model over the whole diffraction pattern [138]. It is usually carried out by
the least-squares refinements until the best fit between the experimental and calculated results
is achieved. This calculated pattern comprises models of the crystal structure(s), diffraction
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optic effects, instrumental factors and lattice parameters, which are simultaneously refined
[139].

Given the requirement of detailed information on the crystalline structure, in this work,
Fullprof was used to perform the refinement and certify which phases were formed. This
analysis was performed using the existing database of reference diffractograms and the
refinement patterns obtained for sample HTTNi2.5_5, which is exposed in Figure 4.36. The
phase analysis had an acceptable peak fitting in terms of crystal structures formed, as confirmed
by the Rietveld refinement of XRD patterns. The refined cell parameters for the fcc-Ni phase
are a = 0.3523 nm, and a = 0.2491 nm and ¢ = 0.4083 nm for the hcp-Ni phase. Such cell
parameters are distinguishable from those of other phases such as hcp NisN (a = 0.2667 nm and
¢ = 0.4312 nm) and Ni3C (a =0.2628 nm and ¢ = 0.4306 nm), also identified for Ni-modified
PSZ [140,141]. Moreover, they are closer to the cell parameters theoretically predicted for IAF
hcp-Ni (a = 0.2500 += 0.001 nm and ¢ = 0.3980 + 0.006 nm) and comparable to those of
hexagonal close-packed Ni phase from Ni(ll) glycinate [142,143]. In addition, this result is also
consistent with the cell constants of the hcp Co analog (JCPDS 89-7373; ), commonly
referenced to justify the IAF hcp-Ni phase formation [144].

Intensity (a.u.)

S |

A

35 40 45 50 55 60 65 70 75 80 85 90
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Figure 4.36. XRD pattern (red circles) and Rietveld refinement (black line) of
PSZNi2.5 5 sample, with green vertical tick marks corresponding to fcc-Ni (upper) and hcp-
Ni (lower).
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The Rietveld refined relative weight fraction obtained for fcc-Ni was the most prominent,
corresponding to 85% whereas hcp-Ni phase was solely 15%. Refined microstructural
parameters led to apparent crystallite sizes of about 42 nm in the case of fcc-Ni (and apparent
microstrains of 0.17%), and 16 nm for hcp-Ni, thus, elucidating that nickel was obtained in the
nanometric scale without oxidizing. Besides, differently from what is commonly reported for
the mixing of Ni complexes with organosilicon polymers, silicide phases are not detected here
[100,108].

It is worth highlighting that studies related to metal-stable Ni phases have been done due
to magnetic properties that are of great interest for industrial use. According to the literature,
its crystallization starts with the face-centered cubic crystal structure up to its melting point
under ambient pressure conditions and undergoes to a second-order phase transition from
ferromagnetic to paramagnetic at around 356 °C. Besides that, other studies focus on the
metastable hcp Ni as its magnetism is different from its fcc phase, being reported to occur in a
range of a few nanometers crystalline size [131,136].

For a thorough investigation of the formation of fcc-hcp polymorphic Ni observed in the
XRD pattern, the PSZNi2.5 5 sample was subjected to a thorough FEG-SEM and high-
resolution TEM (HRTEM) analysis, and the results are depicted in Figure 4.37 and Figure 4.38,
respectively. First, it can be pointed out from elemental mapping results shown in Figure 4.37
that PSZNi2.5 5 possesses five major elements in both micrometer and nanometer ranges.
Furthermore, as highlighted by the arrows, Ni-rich domains are not observed in the mapping of
Si, C, N and O, so that, it is possible to consider that Ni is a single-phase anchored upon the Si-
N-C-O(H) matrix. Likewise, the Si- and O-rich domains (white squares) are not seen in the
mapping of Ni, as can be seen by the dark space inside the white circles. This behavior not only
confirms that the metal is not linked to these atoms but also that Si and O are linked to each
other.
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Figure 4.37. Figure 4.21. FEG-SEM micrograph of PSZNi2.5 5 and corresponding
elemental mapping images.

As for TEM images, Figure 4.38 (a) and related insert, shows that the sample is an
amorphous matrix composed of homogeneously dispersed small nuclei that appear as
embedded dark dots. Its associated SAED pattern (Figure 4.38 (b)) exhibits spots, indicating
that the analyzed phase is highly crystalline. This pattern related to the sample’s structure is in
good agreement with XRD results, as the calculus of d-spacing from SAED provides values
correspondent to lattice parameters of fcc-Ni phase, i.e., (111), (200), (220) and (311), along
with those of the proposed IAF hcp-Ni. Moreover, it is observable in Figure 4.38 (c) that Ni
size is relatively heterogeneous locally once there are two Ni nanoparticles populations co-
existing in this system: one comprising relatively big particles owing a size ranging from ~40
to 70 nm, which was isolated and its corresponding HRTEM image is exposed in Figure 4.38
(d). From this investigation, a lattice distance of 0.202 nm has been measured, which is related
to reflections of (111) planes of fcc-Ni. Furthermore, it can be seen that these particles are
coated by carbon layers, once there is an interlayer distance of 0.34 nm, thereby, originating
core-shell nanostructures. Besides that, the smallest particles identified in Figure 4.38 (c) have
also been isolated and exhibit an average particle size as low as 5.9 +1.2 nm, which can be
further seen in the histogram presented in Figure 4.39.
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Figure 4.38. (a-c) Low magnification TEM images of PSZNi2.5_5, (b) SAED pattern
correspondent of image a, (d,e) high magnification images of big and small nanoparticles
isolated in PSZNi2-5_5.
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Figure 4.39. Size distribution histogram of the smallest particles present in
HTTNi2.5_5.
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By analyzing the HRTEM image shown in Figure 4.38 (e), it was detected that the fringes
own a reduced spacing of 0.19 nm, corresponding to reflections of (101) planes of IAF hcp Ni.
More than that, the carbon layers surrounding the biggest nanoparticles are not observed as a
shell covering the smallest ones. These distinct observations agree with XRD results, as they
allowed the conclusion that such smallest population of Ni particles corresponds to a metastable

hcp-Ni phase.

To confirm that, the SAED pattern of an area containing relatively large particles ranging
from 100 to 200 nm was evaluated and it was detected that they are composed of fcc phase
solely. To explore the area of particles with reduced size, a TEM image was recorded and from
this, the hcp Ni phase could be indexed along with the fcc phase in the associated SAED pattern.
These specific investigations of big (upper) and small (bottom) particles are shown in Figure
4.40.

From all these characteristics, it seems logical to assume that the passivating effect of the
PSZ matrix caused the confinement of Ni particles in a covalently-bonded Si-N-C-O matrix.
This behavior is presumably what restrains the close-packed layers' slippage, hence, prompting
the formation of the IAF hcp Ni phase. Similarly, in the last few years, Chiang, Chiang and
Shieu (2014) have suggested alike behavior for carbon layers surrounding Ni particles. The
authors reported the formation of HCP Ni phase during NisC thermal decomposition at 500 °C,
as an intermediate phase of fcc-Ni and carbon, due to a graphite-like shell adhesion on Ni

nanoparticles constraining hcp layers slip and hence hindering its transformation to fcc Ni.
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Figure 4.40. TEM micrograph of a population composed of the biggest (upper) and with the
introduction of the smallest population particles (bottom) isolated in PSZNi2.5 5 and their
corresponding SAED patterns, respectively.

After this full investigation of the PSZNi2.5 5 samples, the evolution of phases
composing such material through its heat treatment at 700, 800 and 1000 °C in flowing argon

was followed.

4.4.Characterization of final ceramics from 700 to 1000 °C

Because the pyrolysis temperature is a crucial parameter for the formation of
nanocomposites with improved performances, as it has a direct effect on features like the
nanopore network, an in-depth investigation of produced samples was performed in this study
not only for PSZNi2.5_5 but also for other important materials and from 700 to 1000 °C. For
that, the samples were pyrolyzed under argon atmosphere at different temperatures to
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investigate their ceramic transformation according to the Si:Metal molar ratio and pyrolysis
conditions. The ceramics obtained after pyrolysis were stored inside the glovebox and crushed
for further analysis. Therefore, the crystalline structure and the microstructure of as-obtained

ceramics were evaluated by XRD and TEM analysis.
4.4.1. Characterization of ceramics based on cobalt and nickel chlorides

The diffractograms obtained for PSZNi2.5 pyrolyzed at 700, 800, 900 and 1000 °C are
provided in Figure 4.41. In all temperatures evaluated, it is visible that the three main peaks at
20 =44.5°, 51.8° and 76.4° are assigned to the fcc-Ni (file 00-004-0850) and the ones seen at
41.9° (100), 47.6° (101) corresponds to the interstitial-atom-free (IAF) hexagonal close-packed
(hcp)-Ni phase, as observed for PSZNi2.5 5. The hcp-Ni phase appears in much less intensity
when pyrolysis temperatures are higher than 500 °C though.
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Figure 4.41. XRD pattern of PSZNi2.5 pyrolyzed at 700°C (PSZNi2.5_7), 800°C
(PSZNi2.5_8) and 1000°C (PSZNi2.5_10) under argon atmosphere.

103



Additionally, the three main peaks are also associated with NizSi (04-001-3346), most
probably because the temperature increase along with the higher degree of dehydrocoupling
reactions facilitates such a bonding, which is reinforced by new small peaks rising at 900 and
1000 °C.

Table 4.2 indicates that the C, H, and N contents of PSZNi2.5 pyrolyzed at 800 and 1000
°C are much lower than that of PSZ, whereas the O content is higher in both cases, highly likely
due to the incorporation of oxygen atoms into the SICN matrix. Moreover, the very low amount
of hydrogen and nitrogen confirms the occurrence of dehydrocoupling and transamination
reactions and the establishment of a ceramic network. In addition to that, the low nitrogen
content might also be a consequence of oxygen contamination, once polysilazane acts as an N-

donor and possibly reacts with oxygens atoms from DMF molecules.

Table 4.2. Elemental composition (wt%) of PSZNi2.5 obtained after pyrolysis at 800 °C
and 1000 °C under Ar atmosphere in comparison to PSZ.

Sample ¢ H N ©
(Wt%) (wt%) (wt%) (wt%o)
PSz 27.3 8.3 22.7 0.4
PSZNi25 8 Ar  16.8 0.5 3.1 14.6
PSZNi2.5_10 Ar 15.2 0.1 2.0 16.1

Regarding samples containing lower contents of metal precursor, Figure 4.42 provides
XRD diffractograms of Ni-modified PSZ in the Si:Metal molar ratios of 10 and 5 (samples
labeled PSZNi10 and PSZNib5), treated at 1000 °C under argon atmosphere, whereas the same
investigation at 800 °C is given in Figure 4.43.

It is known that the PDC-SIiCN structure strongly depends on both the chemistry of the
precursor and processing conditions. According to the literature, SICN ceramics have an area
of Si-containing species that are amorphous and comprises SiNs and SiC4 tetrahedracores
embedded in mix-bonded SiCxNsx (X= 1-3) units, as well as free carbon generated by an
assembly of relatively ordered carbon nanoclusters, respectively [145]. Taking that into
account, the first fact that can be highlighted concerning these samples when treated at 1000
°C, is that the samples exhibit behavior more directed to the Si-containing species reported to
exist in SICN structures. Moreover, at this temperature, the samples presented crystallization
of nickel silicon phases (Ni2Si (04-010-3516); Niog2Si0.18 (04-004-4506); NisSi (04-001-
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3346); and Niz1Sii2 (04-007-1390)), agreeing that PSZ and metal precursor might associate, as
discussed in section 4.3.1 (page 83).
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Figure 4.42. XRD pattern of PSZNi5 (PSZNi5_10) and PSZNi10 (PSZNi10_10)
pyrolyzed at 1000°C under argon atmosphere.

Contrarily, when pyrolysis was carried out at 800 °C, a clear change in crystallized phases
can be noticed. For instance, in the lowest metal content (PSZNil0) several small peaks
ascribed to y-SisCs (ICDD No. 01-077-1084) are observed, whereas an increase in metal content
led preferentially to the fcc-Ni phase crystallization (file JCPDS no. 04-0850), as observed by
the main peaks at 20 = 44.5°, 51.8° and 76.4°. It is seen therefrom that the Si:Me molar ratio

has a great influence on the phases being formed under the same thermal treatment conditions.
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Figure 4.43. XRD pattern of PSZNi5 (PSZNi5_8) and PSZNi10 (PSZNi10_8)
pyrolyzed at 800°C under argon atmosphere.

Finally, diffractograms of PSZCo2.5 treated at 700, 800 and 1000 °C are depicted in
Figure 4.44. In all temperatures evaluated, signals of cobalt silicon (Coo.g9Sio.11, file 04-023-
7058) at 20 = 41.64° (100) and 47.52° (101), as well as cubic cobalt (file 00-015-0806) at 26 =
44.22° (111), 51.52° (200) and 75.85° (220) are detected. Along with that, at 1000 °C, several
peaks attributed to cobalt disilicide (Co.Si, file 04-010-3523) are identified. From these
patterns, it is clear that the nature of metal precursor also possesses a great influence on the

final ceramics.
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Figure 4.44. XRD pattern of PSZCo02.5 pyrolyzed at 700°C (PSZCo2.5 7), 800°C
(PSZCo2.5_8) and 1000°C (PSZCo02.5_10) under argon atmosphere.

Comparing the effect of metal precursor employed during reactions, it can be seen that

the elemental composition is the same in both cases (see Table 4.2 and Table 4.3).

Table 4.3. Elemental composition (wt%) of PSZCo2.5 obtained after pyrolysis at 800 °C
under Ar atmosphere in comparison to PSZ.

Sample C H N @]
PSZ 273 83 227 0.4
PSZCo25 8 Ar 162 0.6 2.0 17.5

4.5.0xygen Evolution Reaction (OER) investigation

Among all samples produced in this study, PSZNi2.5_5 was chosen to generate a catalyst
active towards OER. The reason for this choice relied firstly on the fact that this molar ratio
provided the higher metal content without delivering negative effects from a reaction
standpoint. Along with that, the decision was based on prior scientific knowledge regarding
PDCs features and electrolysis requirements. For example, it is widely known that preceramic

polymers possess the inherent ability to form micropores when submitted to low-temperature
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thermolysis regimes. During the polymer-to-ceramic transformation, preceramic polymers are

capable of developing a high specific surface area (SSA) [146].

Moreover, during the hybrid state between preceramic polymer and final ceramic, which
is referred to as ceramer state, transient micropore networks are formed mainly because of the
evolution and decomposition of gaseous species [132]. However, a strong dependence on the
preceramic system composition, structure and the processing conditions applied is observed
when a critical process temperature is reached. In this condition, the microporosity disappears
and the specific surface area passes through a significant decrease. The collapse of
microporosity is probably a consequence of the viscous flow process within the material, which
is thermodynamically driven by surface energy diminishment [147].

In the case of PDCs, a maximum of the specific surface area is reported for the pyrolysis
temperature range of 400 to 600 °C. Interestingly, this temperature range is coincident with the
maximum loss of mass that happens during the polymer-to-ceramic conversion. The discovery
of micropore evolution in PDCs afforded several fundamental studies related to polysiloxanes,
polysilazanes and polycarbosilanes.[99,135]. Therefore, pyrolyzing PSZNi2.5 at 500 °C was a
promising approach to obtaining high specific surface area as well as microporosity.

For a thorough investigation and comparison, the electrocatalytic properties for OER of
PSZNi2.5 5, PSZNi2.5 8, PSZNi2.5 10 and PSZCo02.5 10 samples were assessed. Their
electroactivity was investigated using a rotating disk electrode set at 1600 rpm. Here, only
results for PSZNi2.5 5 are presented, once according to all that has been discussed in the
previous sections, this sample exhibited outstanding characteristics to be employed in alkaline
water electrolysis, more precisely, as an OER electrocatalyst. Its high specific surface area, the
immobilization of well-dispersed Ni nanoparticles, the presence of hcp-Ni phase (more active
than fcc-Ni towards OER [30]), and sp? carbon along with the development of core-shell
nanostructures are a combination of promising properties for the intended application and,

therefore, motivated the investigation of its OER electrocatalytic features.

For that, a basic electrolyte (1 M KOH) was used and the electroactivity of the sample
was analyzed in a rotating disk electrode set at 1600 rpm. VVoltammetric cycles were performed
between 0.8 and 1.55 V vs. RHE before recording the polarization curses exhibited in Figure
4.45. Upon electrochemical cycling, the catalytic surface was activated and the coulometry
associated with the Ni?*/Ni** oxidation wave increased (shown inset Figure 4.45) [148],

indicating an increase in high valence electrochemically active Ni atoms. For this reason, it can
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be postulated that the surface of Ni particles is reconstructed upon electrochemical cycling via
the formation of lamellar oxy(hydr-)oxide. Regularly, it is accepted that a slight shift in the
position of Ni?*/Ni** redox transition towards higher electrode potentials happens due to the
incorporation of iron from the 1 M KOH electrolyte [45]. Even though the specific effect of
iron on the enhancement of OER activity is still a matter of debate [149], its concentration
verified from ICP measurements is as low as 8 ppb, and hence, limits a possible boost of OER

performance by Fe.
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Figure 4.45. Polarization curves recorded at 5 mVs™ after performing several
voltammetric cycles in nitrogen saturated 1 M KOH electrolyte.

The OER activity increases during the activation phase and the catalytic surface stabilized
after 200 voltammetric cycles, demanding a low electrode potential of 1.59 V vs. RHE to drive
the standard current density (10 mA.cm). Thus, from this polarization curve recorded after
200 voltammetric cycles, in the 1.5-1.56 V vs. RHE potential range, it was possible to calculate
the Tafel slope, which corresponds to 66 mV dec™. Therefore, this value agrees that the rate-
determining step corresponds to the second step of the OER process, considering that there was
no surface blocking as well as fast electron transfer [150]. It is worth highlighting that the
activity of PSZNi2.5_5 surpassed that of Ni/SiOC and Co/SiOC nanocomposites (1.62 V and
1.67 V vs. RHE, respectively [111]) with a commercial 1rO2 catalyst (1.64 V vs. RHE).

Furthermore, as a comparison, PSZNi2.5_8 and PSZNi2.5_10 samples exhibited Ejio (V
vs. RHE) values of 1.70 and 1.67 V, respectively. The performances of PSZNi2.5 8 and
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PSZNi2.5 10 samples are rather low compared to that one of PSZNi2.5_5. That being said, this
is an indication that the active surface area of the former is lower, most probably because of
their lower BET SSA. By changing Ni by Co, the performance was even worse for the
PSZCo02.5 10 sample (Ejwo (V vs. RHE) = 1.78). Within this context, PSZNi2.5_5 was further

investigated.

Because the particles crystallizing into hcp-Ni phase are much smaller than the fcc Ni
particles, it can be inferred that the electroactive surface area is ascribed to the presence of the
former, which is a phase reported for being more active towards OER than the latter [151]. That
being said, it could be proposed that the surface reconstruction of Ni particles previously
discussed happens at the surface of hcp-Ni nanoparticles, whereas the lamellar oxy(hydr-)oxide
phase formation occurs with redistribution of carbon surrounding fcc-Ni particles, as depicted
in Figure 4.46.
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Figure 4.46. Schematic representation of removal of the carbon shell surrounding fcc-Ni
particles to be redistributed within the Si-N-C-O(H) matrix under working conditionsinal M
KOH electrolyte.

It can be therefore suggested that the carbon shell is gradually removed allowing the
oxidation of fcc-Ni particle surfaces, as well as their redistribution within the Si-N-C-O(H)
matrix, increasing the conductivity, which reflects in a resistance decrease. These effects
together strongly demonstrate the promising ‘pre-catalytic’ behavior for OER of the

PSZNi2.5_5 material under working conditions in alkaline electrolyte, especially because such
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a result was reached with a mass loading solely composed of nickel and as low as 0.15 mg-cm’
2

To shed more light on interfacial processes such as charge transfer and adsorption of
reaction intermediates that take place during OER, electrochemical impedance spectra were
recorded after voltammetric cycles and are shown in Figure 4.47 (a). The equivalent circuit
model proposed by Armstrong-Henderson and presented in Figure 4.47 (b) was used to fit all
spectra [152]. In this model, Rs corresponds to the cell resistance and comprises electrical
connections, the electrolyte and catalytic load. The double-layer capacitance (Cq)) was modeled
by CPEq. Both catalyst surface roughness and nonuniform distribution of active sites were

taken into account replacing the classical capacitance by a constant phase element [153].
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Figure 4.47. Impedance spectra obtained after voltammetric cyclesina 1 M KOH
electrolyte at 1.7 V vs. RHE and their simulated curves (solid lines) (a), equivalent circuit
model used to fit experimental electrochemical impedance spectra (b), and
chronopotentiometric curve recorded for PSZNi2.5_5 catalyst immobilized onto a Ni foam in
nitrogen saturated 1 M KOH electrolyte at benchmark current density (10 mA cm) (c).

E vs. RHE/V

R1 and R2 allowed the simulation of the kinetics of charge transfer reaction. The sum of

these two values provides the total faradaic resistance (Rrar) [154], which must be considered
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for the OER Kkinetics description. In addition, in parallel with R, CPEags values allowed
mimicking the charge of reversible adsorption of OER intermediates [149]. From the best fit of
spectra recorded at 1.7 V vs. RHE after 1, 50, 100 and 200 cycles, it was possible to obtain the
values of Rs, Rrar and Cai, all of which, are presented in Table 4.4. With regards to the equivalent

double-layer capacitance, it was obtained employing Brug’s equation [155,156].

Table 4.4 . Values of the parameters Rs, Rsr and Cqi obtained by the simulation of
electrochemical impedance spectroscopy data.

Numberof  co Ruw/© CalpFem’?
cycles
1 5.9 567 104
50 5.7 335 265
100 5.8 277 318
200 5.9 270 351

It can be noticed that the cell resistance (Rs) barely changes, indicating that the potential
cycling has not significantly affected the system. Contrarily, by increasing the number of
voltammetric cycles the value of Cdl also rose, which confirms that the active surface area
increases upon cycling. Not only that, it reinforces the assumption of the surface reconstruction
as well as agrees with the formation of a high surface area lamellar structure. Furthermore, the
values of Rfar decreased as the number of cycles rose. One can be justified by the drop of R
values, once Rfar is a sum of R1 and Rz, and R values kept nearly constant. Such an effect is
strongly associated with the great increase in the rate of intermediates formation/desorption at
the reconstructed surface.

Lastly, to assess PSZNi2.5 5 stability, chronopotentiometric measurement was carried
out at 10 mA.cm in nitrogen saturated 1 M KOH electrolyte. For that, the catalyst was
immobilized onto a Ni foam instead of a glassy carbon substrate, because Ni foam is known for
enhancing electrocatalytic activity [157]. As can be seen in Figure 4.47 (c), there are two stages
of significant importance. The potential drop within the first 100 minutes and its constancy until
250 minutes. In the first case, the drop must likely happen due to the surface reconstruction
phenomenon and thus, leads to improved catalytic performance. Thereafter, it remains a
constant value of ca. 1.56 V vs. RHE confirming the promising stability of PSZNi2.5_5 during
OER process.
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5. CONCLUSION AND FUTURE PROSPECTS

The main emphasis of this thesis was the development of a TM-containing PDC
possessing high conductivity and thermal and chemical stabilities to be evaluated as a substitute
for noble-metal catalysts for the water-splitting process in alkaline media, as it is a promising
alternative for clean hydrogen generation. In conclusion to this goal, the PSZNi2.5 5 sample
demonstrated promising OER activity. The high reactivity of Durazane ® 1800 toward DMF
in the presence of NiCl, to prepare a Ni:organosilicon polymer coordination complex was
exploited. Via a single-step process at a temperature as low as 500 °C under flowing argon a
nanocomposite made of fcc and hcp polymorphic nanoscale Ni particles immobilized in a high
SSA PDC matrix was obtained.

FTIR and elemental analyses demonstrated that the precursor represents an organosilicon
polymer in which Ni-catalyzed crosslinking linkage formation occurs via Si-O-Si (DMF’s
reduction by Si-H), Si-C-C-Si (hydrosilylation) and Si-N-Si (dehydrocoupling) unit formation;
Ni2* coordinating silylamino and/or siloxane ligands. N2 adsorption-desorption isotherms
highlighted the large specific surface area of the pyrolyzed compound and its high micropore
content. XRD coupled with FEB-SEM and HRTEM observations revealed the formation of
pure Nickel with a structure corresponding to both FCC Ni and Interstitial-atom free (IAF) HCP
Ni; the former being surrounded by carbon layers and the latter being preferentially formed in

low-size particles.

Electrochemical measurements revealed an outstanding OER activity with an
overpotential as low as 360 mV at 10 mA.cm and a Tafel slope of 66 mv dec, especially
considering that the sample contains only Ni without doping with a low Ni mass loading (0.15
mg cm?). It is, therefore, strongly suggested herein that OER performance is ascribed to the
large specific surface area of the sample, allowing easier access to the active sites and the
potential induced surface reconstruction of the Ni particles. It occurs via i) the direct formation
of a lamellar oxyhydroxide phase at the surface of hcp-Ni nanoparticles and ii) the removal of
the carbon shell surrounding fcc-Ni particles to be redistributed within the Si-N-C-O(H) matrix
increasing its conductivity (resistance decrease). Although the OER activity of the studied
catalyst is not currently the highest reported in literature in an alkaline electrolyte, it is among
the best performances reported with Ni active phases. It is imperative to highlight that this study
did not aim to find the most efficient material for OER but leaves the door open to the
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development of future very active catalysts synthesized using a simple method as well as cheap

precursors.

It can also be very useful and enriching for the continuity of this research to perform DSC
and GPC analyzes of the most promising materials for a more detailed investigation of the
thermal behavior of final products and to understand the precursors behavior before the cure,
respectively. There is still room for further studies on optimizing the OER properties and
extending them toward HER by considering specific process parameters that can affect the
structure of Ni, chemical composition of the ceramic matrix, and the specific surface area of
the final compound. It can also be easily considered the use of other low-cost transition metals
such as Fe or Mn, or a mixture of them, as they are known to be active catalysts - employing
the PDC design strategy, allowing to modify drastically and improving the catalytic properties
towards the targeted reactions. Considering the process's simple and flexible chemistry as well
as the readily available and low-cost precursors, these polymer-derived high specific surface
area Si-N-C-O(H) immobilized transition metal nanocatalysts are expected to have a significant

impact on electrocatalytic processes for clean energy applications.
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