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Abstract

Catalysts are used in 85-90% of chemical industries due to their significant
economic and environmental impact. Therefore, developing new methods for
producing catalyst with better selectivity, stability, and cost-effectiveness is
essential. In this context, gliding arc plasma (GP) technology has emerged as
a promising, eco-friendly, and cost-effective technique for catalysts synthesis.
GP generates reactive species like electrons, cations, and free radicals that
drive chemical reactions within and/or on various media. Particularly, when
humid air is used as plasma gas, GP produces “reactive oxygen and nitrogen
species” (RONS) with strong acidic and redox properties, making it effective
for applications such as gas depollution, wastewater treatment, surface
modification, and, most notably, heterogeneous catalysts synthesis.

While GP has already shown success in synthesizing metal (hydr)oxides and
supported catalysts (FeOx, MnO,, SnO,, TiO»/SnO,, ...) with excellent
properties and catalytic activity, improvements are still needed. The
mechanisms behind metal precursor precipitation in GP remain not fully
understood, presenting opportunities to enhance both the catalysts and the
synthesis conditions. This thesis aims to deepen the understanding of the GP
synthesis and optimize its application for diverse catalyst production. To
address these goals, the thesis is structured in three parts.

The first part investigates the mechanisms behind metal precursor reaction and
precipitation during GP synthesis, examining the roles of OH and NO radicals
in the oxidation-reduction reactions of precursors and precipitation into metal
(hydr)oxides. This section also explores the factors influencing metal
precursors’ ability to react and precipitate under GP exposure, aiming to
establish a framework for predicting precursor behavior.

The second part focuses on optimizing the GP synthesis method. It examines
a post-treatment (PT) step to understand and optimize its potential to improve
catalyst properties, as well as a "no-cooling" system that utilizes the heat
generated during GP exposure, and testing Plasma-Activated Water (PAW) as
an alternative synthesis medium.

The final part uses GP synthesis to produce novel supported metal/oxide
catalysts never synthesized by GP before, such as Au on TiO; and SnO.,
demonstrating the ability of GP in producing various catalyst types.

Overall, the research of this thesis contributes to a deeper understanding of GP
as catalyst synthesis method, offering new insights and strategies for
optimization.
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General introduction

General Introduction

Abstract

This section outlines the context of this research, including a presentation of
the classical catalysts synthesis, and of the gliding arc plasma and its
applications, particularly in catalysts synthesis. It highlights limitations in
current understandings, existing knowledge and synthesis conditions of the
method, aligning these with our objectives. Consequently, our strategy is
designed in order to address these issues.

Image from “Advanced Metallic System CDT (Youtube)”
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General introduction

1. What is catalysis?

Catalysis did not wait to be discovered to be already used in everyday life. In
fact, it has been employed for centuries, even before we called it “catalysis”.
An illustrative example of a catalyzed reaction spanning centuries and still in
use today is the fermentation process, where yeast catalyzes the
transformation of sugar into alcohol, giving rise to the beloved drink we all
know [1,2]. However, the earliest formal scientific reports of the use of
heterogeneous catalysts were written by Joseph Priestly and Martinus van
Marum in the 1800s. They documented the dehydrogenation of ethyl alcohol
over a metal catalyst [1]. Yet, we had to wait for Berzelius in 1836 to formally
describe these accelerated chemical reactions as “catalysis” [2—5].

A catalyst is defined as a substance that accelerates chemical reactions, or
reduces the temperature or pressure required to initiate one, without
undergoing any change itself [3,6,7]. Catalysts effectively lower the activation
energy of a chemical reaction, making it easier to break and form chemical
bonds, thus facilitating the production of new combinations and new
substances (Figure 1.1) [5-7]. Consequently, the use of a catalyst results in
faster and more energy-efficient chemical reactions. Additionally, catalysts
can enhance the yield and selectivity of a process by increasing the amount of
desired products while reducing the generation of unwanted byproducts. This
aspect not only amplifies the environmental sustainability of the chemical
reaction but also enhances its economic viability [5,6,8]. Consequently,
catalysis plays a key role in chemical industries, significantly contributing to
both their economic viability and environmental sustainability. Today,
catalysts are utilized in over 90% of all industrial chemical transformations
across various sectors, including polymers, pharmaceuticals, agrochemicals,
and petrochemicals, as well as for clear-up of environmental pollutants
[2,9,10].
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Figure I.1: Potential-energy curves for a reaction proceeding homogeneously (full curve) and
on a surface of a catalyst (dotted curve) [2]

There are 3 types of catalysts: enzymatic, homogeneous, and heterogeneous.
An enzymatic catalyst is a highly specific protein that accelerates particular
chemical reactions by binding to substrate molecules in its unique active site.
It typically acts in a homogeneous phase but can become heterogeneous when
immobilized on a solid support. A catalyst is categorized as homogeneous
when it is in the same phase as the reactants and as heterogeneous when it is
dispersed in a distinct phase. Typically, a heterogeneous catalyst consists of a
solid in a liquid or gaseous medium [7]. Both homogeneous and
heterogeneous catalysis are widespread in certain contexts. Homogeneous
catalysts often provide enhanced selectivity and activity, which make them
predominantly used in the pharmaceutical industry. However, they require
separation steps to be removed from the final product and are sometimes
impossible to reuse, making them expensive and environmentally unfriendly.
On the other hand, heterogeneous catalysts are generally preferred when
possible due to their ease of separation and reusability, which makes them
cheaper and less polluting. Additionally, their higher thermal stability allows
for operation in harsher conditions [9,11]. Since heterogeneous catalysts are
the sole subject of this thesis, only them shall be referred to as "catalysts".

The action of such catalysts can involve various mechanisms, with the
Langmuir-Hinshelwood (LH), Eley-Rideal (ER) or Mars-Van Krevelen cycles
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being the most common ones. In these cycles, one (ER) or two (LH) reactant
molecules adsorb onto the solid surface, undergo conversion into a surface
intermediate, and finally form a product, followed by its desorption (Figure
1.2). In the case of metal oxides, a Mars-Van Krevelen mechanism can occur.
In this case, a reactant A adsorbs on the surface and reacts with and removes
an atom of oxygen from the catalyst. When the product desorbs, the resulting
vacancy is rapidly refilled by a source of O serving as co-reactant (Figure 1.2)
[1,10-12]. However, these cycles are simplified. The reality of a catalytic
reaction is much more complex and involves several additional steps. These
steps can be the diffusion of reactant or product molecules through the
boundary layer to the catalyst surface and into the pores of the catalyst, as well
as the chemical or physical adsorption of the reactant at the surface of the

catalyst [2,11].
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Figure 1.2: Schematic illustration of the three main surface mechanisms: (a)
Langmuir—Hinshelwood, (b) Eley—Rideal; (c) Mars—Van Krevelen mechanism [12]
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Due to their significant environmental and economic impact on chemical
industries, ongoing research in catalyst synthesis aims to enhance their
properties and performance in a wide variety of reactions. This includes
modifying their selectivity, activity, stability, morphology, mechanical and
thermal strength, regenerability, reproductivity, originality, and cost [13].
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2. Classical methods to synthesize heterogeneous catalysts

There are different categories of heterogeneous catalysts, but the most used
are bulk and supported ones. Bulk catalysts are mainly composed of active
substances, whereas supported catalysts are usually derived from preformed
supports impregnated with the active phase. Supported catalysts are often
preferred due to their ability to achieve optimal dispersion of catalytically
active component(s) while stabilizing them against sintering. This is
economically advantageous, especially considering that the active
components are often expensive metals. Additionally, besides providing
structural framework and stability to the metal, the support can sometimes
introduce new active sites to the system [13—15]. While various types of bulk
and supported catalysts exist, this thesis will mostly discuss metal oxides as
bulk catalysts that can also potentially serve as supports for supported
catalysts. Metal oxides are indeed widely used in various industrial reactions,
such as partial oxidation for the synthesis of valuable products and total
oxidation for degradation of pollutants. Additionally, metal oxides are
frequently employed as supports in many types of supported catalysts for a
wide range of catalytic reactions [2,5]. However, in order to develop new
types of catalysts using the method presented here, supported metal on metal
oxides will also be briefly discussed at the end of this introduction.

The industrial manufacturing process for catalysts typically involves several
steps, including synthesis, hydrothermal transformation, separation
(decantation, filtration, and centrifugation), washing, crushing, grinding,
forming and/or shaping, calcination, impregnation, mixing, and activation or
reduction [14,15]. Each of these steps is crucial in developing catalysts with
the required characteristics for their intended chemical reactions. However,
the synthesis process, being the initial step, largely defines most of the
characteristics, which is the main focus point of this thesis.

Considerable research has been and continues to be conducted to develop
improved catalysts. This involves developing synthesis methods and studying
various parameters that can be altered to impact different characteristics of the
catalysts formed. Below, we outline some common methods used in industrial
catalyst synthesis, along with their respective advantages and disadvantages.

2.1. Bulk catalysts

Catalysts synthesis methods can be performed in various media. Solid-state
and gaseous-phase methods, such as thermal decomposition or flame
hydrolysis, are widely used in industrial synthesis. However, since the
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synthesis in this thesis occurs in an aqueous medium, we will primarily focus
on discussing methods considered as liquid-phase synthesis, being the sol-gel
and precipitation process. This approach allows for a fair comparison of
methods with similar synthesis conditions, and, consequently, similar
advantages and disadvantages.

2.1.1. Sol-gel process
2.1.1.1. Principle of the sol-gel process

The sol-gel method consists of creating a diphasic 3D network trapping the
molecules of solvent from the reticulation of a colloidal suspension. The
precursor in sol-gel preparation can either be a metal salt or alkoxide dissolved
in an appropriate solvent (water or alcohol) or a stable colloidal suspension of
preformed sol. The sol, which is a liquid suspension of solid particles from 1
nm to 1 um, is obtained by the hydrolysis (Eq.I.1) or condensation (Eq.1.2) of
the precursor [13-15].

Hydrolysis:
—M — (OR),, + xH,0 » —M—(0OH),,—(OR),,_ + xROH (Eq.1.1)
Condensation.:
—M—-0H+X0—-—M———-M—-0—-M+ XOH (Eq.1.2)

Where X can be either H or R (alkyl group)

Subsequently, the further condensation of the sol particles into a 3D network
produces the gel. The encapsulated liquid is then removed by either
evaporative or sublimative drying (xerogel) or drying with supercritical
extraction (aerogels) to form the resulting solid. An aging step of the gel can
also be added before the drying step, in order to change the properties of the
final solid produced. Finally, further heat treatment is necessary to convert the
solid into a catalytically useful form, i.e. mainly to burn off any residual
organics and/or to oxidize the sample (Figure 1.3) [13-15].
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Figure [.3: Schematic diagram showing the various steps of a sol-gel process [13]
2.1.1.2. Parameters that matter

The sol-gel process consists of four steps each having a specific purpose and
several experimental parameters that can be varied, leading to solids with
specific characteristics (Table I.1).

a. Solution chemistry

The formation of a gel is influenced by several factors. Hydrolysis and
condensation are both nucleophilic substitution reactions, meaning that an
electro-rich chemical species (nucleophile) replaces a functional group within
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another electron-deficient molecule (electrophile). Therefore, the reactivity of
metal alkoxides depending on the metal’s partial positive charge and
coordination number and this reactivity can be controlled by the nature and
number of alkyl groups. Additionally, the water quantity and addition rate
impact the hydrolysis ratio (moles of water molecules per mole of metal
alkoxide), which must be greater than one to form a gel. Finally, temperature,
pH, and the choice of solvent also affect reaction rates and can modify the
alkoxide properties or the condensation reaction [13—15].

b. Aging

During the aging step, continued condensation between surface functional
groups of the gel strengthens the gel’s network but can cause shrinkage if
excessive. Coarsening may also occur, where particles dissolve and
reprecipitate, increasing pore size and reducing specific surface area. Factors
influencing the aging step include temperature, time and pH of the pore liquid.
To manipulate these parameters and avoid issues during the aging step,
different methods were developed such as immersing the gel in or washing it
with another liquid, exposing the gel to a different humidity, heating the gel,
and using hydrothermal conditions [13]

c. Drying

In a gel, it is common to have a range of pore sizes within the structure, which
can create differential capillary pressure across pores and cause structural
collapse during the drying step. To reduce this pressure, gels with more
uniform pore sizes can be created by adding organic molecules, such as
formaldehyde or glycerol, which control hydrolysis and condensation rates to
influence pore size distribution. Similarly, surfactants can stabilize particles
and control their size, while swelling agents increase the distance between
structural components, enlarging the pores. Capillary pressure can also be
minimized by using solvents with lower surface tension or a contact angle near
90°, or by removing the liquid-vapor interface altogether through supercritical
or freeze drying [13,16].

d. Heat treatment

After liquid removal, heat treatment is needed to burn off residual organics
and/or oxidize/reduce the sample, often in the presence of a reactive gas (air,
oxygen, or hydrogen). Factors like temperature, heating rate, time, and gas
type influence crystallization, sintering, and the final material structure,
requiring careful control [13].
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Table 1.1: Important parameters in the various steps of a sol-gel process [13]

Step Purpose Important parameters
Solution To form a gel - Type of precursor
chemistry - Type of solvent
-pH

- Water content
- Precursor concentration

- Temperature
Aging To allow a gel to undergo - Time
changes in properties - Temperature

- Composition of the pore liquid
- Aging environment

Drying To remove solvent from a gel | - Drying method

- Temperature and heating rate

- Pressure and pressurization rate
- Time

Calcination To change the - Temperature and heating rate
physical/chemical properties | - Time
of the solid, often resulting in | - Gaseous environment
crystallization and
densification

2.1.1.3. Interest of the sol-gel process

The sol-gel process is used for a wide variety of oxidic materials for catalysis.
The main advantage of the sol-gel method is the easiness to control the
physical characteristics such as pore size, volume, and distribution, to have a
highly pure solid, to vary the compositional homogeneity at a molecular level,
to prepare samples at low temperatures, and to produce samples in different
physical forms. Furthermore, it is also possible to introduce many components
in a single step [13,14]. However, although a wide variety of characteristics
for the catalysts can be obtained by this method, the control of the parameters
needs to be meticulous and sometimes require long steps and/or difficult
conditions to obtain. In fact, as we have seen, the gels formed are metastable,
so the drying step needs to be done slowly with not too harsh thermal treatment
or exposure to liquid water to avoid sintering, phase transformation, or
collapsing of the structure [13]. Furthermore, another issue with the sol-gel
method is the cost and stability of the alkoxide metal compound, which has
limited its development in high-volume industrial catalyst preparation [16].

10
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2.1.2. Precipitation
2.1.2.1. Principle of the precipitation

The purpose of this method is to precipitate a solid from a liquid solution. The
precipitation occurs in different steps: supersaturation, nucleation, growth,
and eventually maturation. The supersaturation step is when the system is
unstable and a small perturbation triggers precipitate formation, also known
as the nucleation step. This is followed by the growth of the solid precipitate
that increases in size by adding more solute to the existing particles. A
maturation step can eventually be also added in order to restructure and
reorganize the formed particles [14,15,17]. The process of forming of a solid
from a solution is illustrated in Figure 1.4. It shows that nucleation, occurs
only when the precursor concentration exceeds a critical point, the nucleation
threshold. This nucleus, defined as “the smallest solid-phase aggregate of
atoms, molecules or ions which is formed during a precipitation and which is
capable of spontaneous growth”, initiates the precipitation process [13]. New
particles are formed as long as the precursor concentration remains above the
nucleation threshold. During this formation, the precursor is consumed,
causing its concentration to decrease until it falls below the critical point, at
which stage the growth of existing particles begins. It has been deduced that
the larger the nucleation regime area, the smaller the resulting particles tend
to be due to a higher tendency for nucleation. Additionally, mechanical
agitation or other processes can shear growing crystals, further decreasing the
particles size [13].

Supersaturation, the prerequisite for nucleation, can be achieved through
physical or chemical methods. Physically, supersaturation can be induced by
increasing the concentration through solvent evaporation or decreasing the
temperature. Chemically, it can be triggered by adding a coprecipitating agent
that either changes the pH, leading to precursor condensation into
(hydr)oxides, or introduces additional ions that cause the solubility product of
a certain precipitate to be exceeded [13].

11
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Figure 1.4: Simplified scheme for the formation of a solid product from solution [13]
2.1.2.2. Parameters that matter

In the precipitation process, various parameters, including the nature of
precursor or precipitating agent, the concentration of the reactants, the solvent,
the temperature, and the pH, can significantly influence the characteristics of
the final product, such as its purity, particle size, specific surface area, pore
size and volume, etc. (Figure 1.5). Consequently, these parameters must be
carefully adjusted to achieve the desired final catalyst [13,14,16].

12
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Figure 1.5: Parameters affecting the properties of the precipitate and main properties
influenced [12]

a. Nature of precursor or precipitating agent

In a common procedure, a metal salt is dissolved in a solution, and, in most
cases, the pH is increased by adding a base, such as sodium hydroxide,
ammonia, or ammonium carbonate, causing the precipitation of an insoluble
metal hydroxide or carbonate. The interest in producing hydroxides and
carbonates is that they can be easily decomposed by heat into oxides of high
specific surface area without leaving potential catalyst poisons, and that the
safety and environmental problems coming from their calcination are
minimal. This suggests the importance of choosing the right precursor of the
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precipitate to also avoid contaminations. It is preferable to use a precursor salt
where the counterions, which may become trapped in the precipitate, can
decompose into volatile products during the calcination step. Suitable
counterions include nitrates, carbonates, ammonium or carboxylates. If the
ions trapped in the solid cannot decompose by heat, careful washing of the
precipitate is necessary [4,13,14,16].

The nature of the ions present in the precipitation solution can greatly
influence the properties of the final product. In fact, some of these ions, such
as chlorides and sulfates, can potentially act as poisons of catalytic reactions.
Moreover, these ions can affect the final product’s properties, including
morphology, particles size, but also lead to the formation of different types of
phases [13].

b. Concentration

Working at high concentration for the precipitation process is often preferred
for several reasons. Firstly, supersaturation occurs rapidly at higher
concentration, leading to faster precipitation. Additionally, higher
supersaturation rates result in a higher nucleation rate, producing smaller
particles with a greater specific surface area. Lastly, using higher
concentration allows for a reduction in the volume of the vessel needed for the
same mass of precipitate, thereby lowering the cost of plant investment [13].

c. Solvent

For economic and environmental reasons, water is typically preferred as a
solvent. However, sometimes, organic solvents are chosen despite their
disadvantages to synthesize products of superior qualities that cannot be
achieved by other means. Nonetheless, the use of organic solvents in
precipitation processes is rare and is reserved for special cases where the
superior properties of the final catalysts justify the higher costs and associated
challenges [13].

d. Temperature

An important factor in determining the crystallite sizes, specific surface area
and phases of the produced solid is the temperature at which precipitation
occurs, as it influences the nucleation rate. However, selecting the appropriate
temperature to achieve specific characteristics of the solid is difficult to
predict otherwise than experimentally. Additionally, for some systems, it is
possible to predict the phases that will develop based of the temperature of
precipitation thanks to chemical considerations [13].

14
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e. pH

If hydroxides are precipitated, the pH directly influences the degree of
supersaturation by affecting the amount of OH- available in the solution,
which participate in the formation of the precipitate. As for the temperature,
the influence of the pH on the properties of the solid is difficult to predict other
than experimentally [13].

f Additives

An additive is a substance added to the precursor solution that influences the
product properties without being essential to the precipitation process. Most
of the time, these additives are organic molecules that become trapped in the
solid during the precipitation and are subsequently removed during the
calcination step, leaving behind a certain porosity [13].

2.1.2.3. Industrial implementation

In industrial catalyst synthesis, the simplest method is batch operation, where
a precipitating agent is added to a metal salt solution in a vessel (Figure 1.6
(a)). It is a very simple way to make the synthesis, however, it can result in a
heterogeneous product due to variations in batch composition. To improve
homogeneity, both reagents can be added simultaneously under controlled pH
and reagent ratios. The homogeneity of the product is better but might still
vary due to the different concentrations of other ions present in the solution,
which are not precipitated and might be occluded in the solid. Furthermore,
the precipitates first formed are aged for a longer time in the solution than the
others, which can already lead to phase transitions (Figure 1.6 (b)). All these
issues can be avoided by using a continuous process (Figure 1.6 (¢)). However,
this makes higher demands on the process control of parameters such as
temperature, concentration, pH, and residence times of precipitate [13].

15



General introduction
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Figure 1.6: Possible implementation of precipitation process in (a) batch where precipitating
agent is added slowly in a vessel containing the metal solution ; (b) batch where precipitating
agent and metal solution are added in a vessel ; (c) continuous operation [13]

2.1.2.4. Interest of the precipitation process

The precipitation process is the most widely used one to synthesize a wide
variety of catalysts because of its easiness and economic value. In fact, most
supports materials, such as alumina and zirconia, as well as some specific
oxides like iron or titanium, are synthesized using this method. The main
advantage of precipitation for preparing these materials is the possibility of
creating very pure solids. Furthermore, as it is well known, we know which
parameters must be changed in order to develop catalysts with specific
characteristics. However, the method is highly demanding as it requires
meticulous parameters control during the synthesis and a separation step after
precipitation. Moreover, this method possesses ecological issues as the
addition of strong chemical components (considered with high environmental
impact in both their production and their treatment in wastewater) is
sometimes required to trigger the precipitation, and a large volume of salt-
containing solutions is formed from the washing steps [15,18].

2.2, Supported metal catalysts

It is possible to synthesize supported catalysts in a single step by sol-gel or by
co-precipitation process. In co-precipitation, salts of the active metal and
support are dissolved and mixed so that the nucleation and growth of a
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combined solid precursor of the active metal and support are obtained at the
same time [19]. By sol-gel, a metal precursor is usually added directly to the
solution containing the oxide precursor prior to the gelling process. The metal
precursor becomes part of the network of the gel by being hydrolyzed or
condensed [13].

However, in most cases, the preparation of a supported catalyst is done by first
synthesizing the support before incorporating the supported synthesis method.
These are called “impregnations” and are described below.

All the methods presented here are solution-based, so the addition of a
chemical reduction or thermal decomposition step is needed to transform the
precursor into the catalytically active phase. This is done in order to transform
the metal precursor deposited on the surface into pure metal and/or to
decompose and desorb the possible residues coming from this metal precursor
synthesis [20,21].

Gas phase deposition of metal on support also exists but will not be discussed
here, as only wet impregnations are possible in the GP reactor used for the
catalyst synthesis in this thesis.

2.2.1. Impregnation without chemical support-precursor bond

This technique consists in introducing, into the pore space of a support, a
solution of an inert precursor that does not interact chemically with the solid
surface. The precursor therefore remains in the dissolved state in the solution
and is not fixed to the surface before the evaporation of this solution occurs in
the subsequent drying steps [13].

We call the impregnation “capillary” or “dry” if the volume of the
impregnation solution introduced is equal to or less than the volume of the
pores of the support. In this case, the main advantages are the simplicity of the
method (no filtration step), the low amount of solvent and consequently waste,
and above all, a thorough control of the active phase loading since the amount
of active phase is dictated by the concentration of the impregnation solution
[1,16]. However, the main limitations may arise from poor spreading of the
active phase, poor control of the solution pH, and the use of highly
concentrated (and hence poorly stable) solutions due to the low amount of
solution used [1,16]. Furthermore, dry impregnation is characterized by its
exothermicity, the capillary pressure developed in the pores, and the speed
with which the pore space is filled. These parameters need to be carefully
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studied to obtain good homogeneity in the deposition while avoiding the
collapsing of the pores [13].

If this volume is greater than that required to fill the pores, the impregnation
is called “diffusional” or “wet”. In this case, we no longer have the issue of
exothermicity, and pressure developed in the pores. However, the precursor
salt migrates progressively from the solution into the pores of the support,
which requires a longer time of synthesis and may result in poor dispersion of
the active phase [1,13].

The main issue with impregnation without chemical support-precursor
interaction is that no washing step is possible to avoid “washing away” the
metal precursor deposited at the surface.

2.2.2. Impregnation with chemical support-precursor bond

Impregnation with chemical support-precursor interaction can be done by ion
exchange, grafting or deposition-precipitation.

Ion exchange involves replacing an ion A in electrostatic interaction with a
support surface by another ion B from a precursor solution. This is possible to
achieve because the oxide supports behave like ion exchangers when their
surface bears electric charges. They are natural exchangers when they are
composed of a framework bearing electric charges neutralized by ions of the
opposite sign, such as zeolites, clays, and silicates. These ions can be
exchanged with others from the precursor during the operation. Amphoteric
oxides with hydroxyl groups (S-OH) can also participate in ion exchange, as
their surface charge varies with pH. Above their point of zero charge (PZC),
oxide particles become negatively charged, favouring cation adsorption, while
below PZC, anion adsorption is preferred. Thus, the pH determines which ions
from the precursor interact with the support [13].

Grafting consists in forming a covalent bond between the support and the
metal complex, which immobilizes the active species and enhances stability.
This grafting process can be implemented in various ways: by creating
functional groups on the support surface that serve as binding sites for the
metal, or by adding ligands to the metal that react with the functional groups
on the support surface.

The advantages of these 2 methods (ion exchange and grafting) are the high
dispersion of the metal ions, the avoidance of migration, agglomeration, and
sintering of the metal particles during the subsequent thermal treatment, and
the control of the metal loading [21].
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The deposition-precipitation method, similar to co-precipitation, involves
depositing metal compounds onto a support surface by changing the pH of the
metal precursor solution at the surface of the support, often resulting in metal
hydroxide precipitation. Selective precipitation is achieved if two conditions
are met: (1) the soluble precursor adsorbs onto the support to create
preferential nucleation sites, and (2) supersaturation is kept below the
homogeneous supersaturation threshold. This requires gradual adjustment of
the precipitating agent (pH, temperature, or concentration) to prevent bulk
precipitation. The method enables controlled deposition of the catalyst
precursor, leading to highly dispersed metal phases after activation [16,19].

The advantage of these impregnations is that, as a chemical interaction
between the support and the precursor exists, it is possible to add a washing
step to the synthesis to remove the non-specifically adsorbed species without
losing the active phase [16].

2.3. Conclusion on classical methods to synthesize catalysts

As we have seen, the development of catalysts with interesting properties
aimed at reducing the environmental and economic impacts of chemical
reactions constitutes a significant area of research. This explains the intense
investigation and ongoing studies in this field. Numerous techniques have
been developed to create these catalysts of interest. However, despite their
notable advantages, such as their well-established nature and ability to
generate catalysts with a wide range of interesting properties (including
porosity, specific surface area, stability, etc.), they also possess inherent
drawbacks.

Among the primary disadvantages, we can highlight the cost of the precursor
materials, the time-consuming nature of the synthesis, the meticulous
parameters control during the whole synthesis, the necessity of adding
numerous substances that induce precipitation, and the utilization of
environmentally harmful solvents. Consequently, the pursuit of new synthesis
methodologies capable of mitigating these shortcomings while still yielding
catalysts with interesting properties remains an exciting field of research.

It is within this context that the utilization of plasma, particularly glidarc
plasma (GP), as a novel synthesis method for catalysts emerges as promising.
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3. The glidarc plasma as a new way to synthesize catalysts
3.1. What is a plasma?

Plasma is defined as a globally neutral ionized gas composed of “light”
species, such as electrons and photons, and “heavy” species, such as
molecules, atoms, ions, and radicals. When generated in laboratory, far from
the electrodes or reactor walls, it is considered neutral because the density of
electrons and ions present in the plasma are balanced. It is observed in nature
(stars, lightning, fire, solar corona, etc.) or artificially when the thermal energy
supplied is sufficient for the collisions between gas atoms to cause the
expulsion of their electrons [22,23].

Artificially, plasma is formed through an energy transfer between a source,
often an electrical discharge, and a gas. As the energy is applied, electrons in
the gas atoms or molecules are excited, and some gain enough energy to
escape. These electrons then collide with other gaseous species, knocking
electrons off from additional atoms and molecules. The result is a gas
consisting of a mixture of positively charged ions, free electrons, and neutral
particles, thus forming a plasma. [22]. The experimental setup used for this
purpose includes a voltage source (Uy), a resistance (R), and a tube filled with
gas at a certain pressure (P). The tube consists of 2 or more conductive
electrodes (E) between which an electrical discharge of intensity I and voltage
U can occur (Figure 1.7) [24,25].
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Figure 1.7: Experimental set-up of a plasma [25]
3.2.  Different types of plasma

There are three types of plasma: hot/thermal, cold/non-thermal, and
moderate/temperate. The first step in forming a plasma is the creation of free
electrons from gas species, which then collide with and ionize other
molecules. Initially, due to the significantly lighter mass of electrons
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compared to heavier molecules, electrons lose only a small fraction of their
energy when colliding with these heavier species. Therefore, at the beginning
of the process, the temperature of electrons (T.) is much higher than that of
heavy particles (T; and T.). However, with sufficient time and energy,
collisions between electrons and heavy species lead to an equilibrium in their
temperatures (LTE). In fact, the temperature differential between electrons and
heavy particles is directly proportional to the ratio of the electric field (E) to
the pressure of the system (P). When E/P is low (at high pressure), the
temperatures of electrons and heavy species are similar (>10° K ; Te=Ti=Th),
leading to a state known as local thermodynamic equilibrium (LTE) (Figure
1.8). Such plasmas are referred to as "thermal plasma". In these plasmas,
ionization and chemical processes are dictated by the system's temperature.
Due to the high temperature, they contain a large quantity of ionized species,
making them highly reactive. However, utilizing this type of plasma in
laboratory settings is challenging due to the high energy requirements for
generation, the need for reaction media and materials capable of withstanding
high temperatures, and the rapid electrode degradation [22-24,26,27].

Non-thermal plasmas, on the other hand, do not achieve LTE due to
insufficient time or energy. Consequently, the electron temperature (>10* K)
is much higher than that of heavy particles (around room temperature) (T>>T;
and T,) (Figure 1.8). In these plasmas, ionization and chemical processes
primarily depend on electron temperature and are less sensitive to thermal
processes and gas temperature. Generating such plasmas does not demand
excessively high energy, and the reaction medium can remain at low
temperatures during reactions. However, achieving pressures lower than
atmospheric pressure is necessary, which might pose challenges for industrial-
scale implementation [22,24,26-30].

At pressures around atmospheric pressure, LTE is not strictly maintained,
leading to the emergence of "moderate" plasma (Figure 1.8). These plasmas
exhibit characteristics of thermal plasma due to the type of species formed in
the gas and of non-thermal plasma due to the ambient temperature of heavy
species (around room temperature). They are of industrial interest as they
operate at atmospheric pressure and room temperature, facilitating energy-
efficient operations with aqueous media that do not vaporize. GP belongs to
this category. [22,24,27,31-34].
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Figure 1.8: Types of plasmas as a function of the thermal energy of the species present and the
pressure [35]

3.3.  The glidarc plasma (GP)
3.3.1. Whatis it?

The GP reactor was invented by H. Lesueur and further developed by A.
Czernichowski in 1988 [30,36]. It comprises two stainless steel electrodes
with a divergent profile, linked to a high-voltage generator. Upon activation
of the generator, an arc forms at the smallest distance between the electrodes.
Subsequently, a flow of gas (plasma gas) is directed perpendicular to the arc,
pushing it along the electrodes. At the end of these electrodes, the distance
becomes too big to sustain the arc, and a new discharge can initiate at the
electrodes’ beginning. All these arcs form the "plume" (Figure 1.9) [30,34,37—
40].
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Figure 1.9: Scheme and species created in humid air GP reactor,; plasma plume from [41]

The plasma gas, upon encountering the arc, forms the thermal plasma. This
gas gradually cools as it moves along the electrodes, transitioning into a non-
thermal plasma. Hence, the glidarc constitutes both types of plasmas, earning
it the classification of "moderate." This technique was created to extend the
lifespan of the electrodes while still facilitating reactions characteristic of
thermal plasma [30,32,37,39,42-44].

Various types of reactions occur within a plasma reactor, including excitations,
ionizations, dissociations, recombinations, etc. (Table 1.2) [33]. Excitations of
a molecule in a plasma can occur through electron impact collisions, resulting
in energy transfer to excitation modes such as electronic, vibrational, or
rotational. However, in addition to direct electron impact excitation,
molecules in a plasma can also experience energy transfer mechanism through
collisions with heavy species (Table 1.2) [23].
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Table 1.2: Typical reactions occurring in plasma phase [33]

Ionisation by

Reaction type Source Reaction
A+B->A"+B
Molecules or

Excited by A+B*->A"+B

Photon A+ hv - A"
Electron A+e oA +e”

Relaxation A" > A+ hv

Impact of molecules A+B->A*+B+e”
Attachment of an electron A+e” - A"

Photon impact

A+hv—-> At +e”

Electron impact

A+e” - At + 2e”

Recombination of

Atoms

A+A+B->B+4,

Electron + ion

At+e > A+h

Ion + ion A~ +Bt - AB
Radicals R+H->RH
Ion + molecule AT+ B - AB*

Charge transfer

A+Bt - At +B

Dissociation by

Impact of molecules

A,+B—>A+A+B

Photon impact

A, +hv->A+A+h

Electron impact

A, +e” > A+A+e”

The species produced through these reactions are contingent upon the plasma
gas introduced between the electrodes. In our setup, humid air serves as the
gas source. When humid air is used as plasma gas, the species generated are
known to predominantly exhibit acidic and oxidant effects on the target
(Figure 1.10). As plasma gas interacts with the electrons (and photon) of the
arc, it leads to the formation of activated species, ions, and radicals, called
“primary species”, such as OH, NO, H,O,, O, Os. In addition to these species,
“secondary species”, such as OH, NO,, HNOs, HNO>, can be created by the
reaction of primary species together or with parent species (Figure 1.10).
Emission spectroscopy measurements of the plume have revealed that the
main species created in such plasmas are the radicals OH and NO [33]. It has
been suggested that a part of the thermal energy from the arc is transferred
through electron impact to the plasma gas molecules causing the cleavage of
H>O and O, resulting in the creation of OH and O radicals (Eq.1.3, Eq.1.4
Eq.L.5). The formation of these radicals can occur in more than one stage,
depending on the energy of the impacting electron. For instance, the O,
molecule may first be excited to different vibrational state before dissociating
(Eq.1.6) [23].
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H,0+e" >OH+H+e" (Eq.1.3)

0O, +e -20+e” (Eq.1.4)

0+ H,0 - OH + OH (Eq.1.5)

O,(v=0)+e - 0,(v>0)+e” > 20+e” (Eq.1.6)

The formation of NO radicals is more complex because the N, bond is very
strong, requiring high-energy electrons to efficiently break it by electron
impact alone. However, in GP, the energy of the generated electron is not high
enough to explain N, bond breaking through electron impact alone. Instead,
another mechanism predominantly triggers the breaking of the N-N bond.
First, O radicals must be created before reacting and breaking the N, triple
bond, a process known as the “Zeldovich mechanism”, assuming the N is in
its ground state before the impact. If the N> is vibrationally excited before the
bond is broken by the O, this mechanism is referred to as the “vibrationally-
enhanced Zeldovich mechanism”. The advantage of this mechanism is that it
is more efficient, as part of the energy barrier is already provided by the
excitation energy, making the bond easier to break (Eq.1.7) [23,45,46].

N,(g,v)+ 0> NO+N (Eq.1.7)

From the dissociation of the N, molecule, NO can also be formed by the

reaction of N with OH or O radicals previously formed (Eq.L.8, Eq.L.9)
[23,47].

0,+N->NO+0 (Eq.1.8)

N+OH > NO+H (Eq.1.9)

Finally, other types of plasma-species can be formed through various reactions

of previously formed radicals, some of which are proposed below, among
many others (Eq.1.10-Eq.1.19) [23,31,33,39,48,49].

H+NO - N + OH (Eq.1.10)

OH + NO - HNO, (Eq.1.11)

NO +0 - NO, (Eq.1.12)

NO + 0, - 2NO, (Eq.1.13)

3NO, + H,0 - 2H* + 2NO3 + NO (Eq.1.14)
NO + NO, + H,0 - 2HNO, (Eq.1.15)

NO, + OH - HNO; (Eq.1.16)

2H + 20, » 2HO, - H,0, + 0, (Eq.1.17)
0+ 0, > 04 (Eq.1.18)

OH + OH - H,0, (Eq.1.19)
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Parent species

Primary species

Secondary species

Oxidizing agents

Figure I.10: Main molecular species formed in humid air plasma (inspired form [39])

Knowing this, it is important to note that another significant aspect of GP lies
in the formations of vibrationally excited N> molecules, which are essential
for producing reactive NOy species. Recent studies have highlighted that the
reduced electric field (E/N), where E represents the electric field and N is the
concentration of neutral species, is a key factor to distinguish different plasma
types and in understanding how electron energy is transferred to neutral
species in the plasma. These studies indicate that, to enhance N, conversion
via the vibrationally-enhanced Zeldovich mechanism, the E/N must range
between 5 and 100 Townsend (Td) (Figure 1.11). In fact, GP generates a
reduced electric field below 100 Td, making it optimal for forming
vibrationally excited N, molecules, and, consequently, producing more NOy
species [23,45,46].
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—e— N2 Rotational excitation —a— N2 Vibrational excitation

—v— N2 Electronic excitation —e— N2 Dissociation N2 lonisation
-«~-02 Vibrational excitation ----- O2 Electronic excitation
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Electron energy (eV)
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Energy loss fraction(%)
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Reduced electric field(Td)

Figure I.11: Fraction of energy transferred from free electrons to different channels of
excitation, dissociation, and ionization of N2 and O: as a function of E/N and of the electron

energy [46]

Among all these species formed in humid air plasma, some are considered as
“short-lived species” (with lifetime in the millisecond range) and some as
“long-lived species” (lifetime > 1s). Only species with longer lifespans have
the capacity to traverse through and react within the bulk liquid, whereas
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shorter-lived species only cause reactions at the gas-liquid interface (Figure
1.12) /31,33,37,39,48-54].

| Plasma/gas phase chemistry I

OH, 0, H, NO, HNO,,

Plasma/gas phase FINO,, H,0, ... H,0

.
2

Liquid-gas interface 0, g OH, O, H, NO, O,
HNO;, HNO,, H,0,, ...

\ l /

Bulk liquid H,0,,HO,, O3, NO;, NOy, ...
H,0"

OH

H,0 R. RH

| Liquid phase chemistry |

Figure 1.12: Schematic diagram of some of the most important species and mechanism for a
humid air plasma in contact with water (adapted from [54])

3.3.2. Applications and previous research in GP applications

The GP has garnered particular interest among industrialists compared to other
types of plasmas for several reasons:

- Its application takes place at atmospheric pressure and ambient
temperature, thus requiring lower energy input compared to
applications utilizing other types of plasma [33].

- Among the various plasma technologies, GP is known for generating
the highest number of NOy species due to its ability to efficiently
impact the vibrational excitation of N> [23,45,46].

- Intense research is being undertaken to improve the plasma setup,
with promising results. Several possibilities have been explored, such
as changing the nature and flow of plasma-gases, increasing the
number of electrodes, employing circulating reactors instead of batch
reactors, and modifying the method for introducing reactants into the
reactor (via injection). These adjustments aim to improve the
efficiency of the GP method while maintaining its economic and
ecological advantages [43,44].

The species generated by humid air GP exhibit a wide range of properties,
including acidifying, oxidizing, and reducing characteristics, among others.
These properties make it highly interesting for a variety of applications such
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as water and air depollution, hydrogen production, hydrocarbon oxidation and
conversion, and modification of solid surface properties [30,33,39,55].

However, it is the oxidizing and reducing properties of the GP that are of
particular interest in this thesis. This is this feature that researchers have
exploited to synthesize metal (hydr)oxide catalysts using GP (TiO,,
Ti02/Sn0,, FeOOH, Fe, 03, FeOx/kaolinite, SnO,, polymorphs of MnO>)
(Table 1.3) [24,25,56,57]. Various precursor materials solutions undergo
reduction or oxidation processes when exposed to the discharge, ultimately
forming the desired catalyst (Table 1.3). Recently, the acidifying characteristic
of the humid air GP was also exploited for the synthesis of WOs3 (Table 1.3)
[58]. The solid precipitates during exposure to the plasma, subsequently
undergoes drying and, in some cases, calcination before being utilized in
catalysis. Notably, catalysts synthesized through this approach demonstrate
comparable or even superior catalytic activity compared to those produced via
conventional methods [24,25,56,57].
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Table 1.3: Catalysts synthesized by humid air GP in the literature [24,25,42,56—63]

Precursor Catalyst Synthesis reaction
synthesized
TiCls TiO, [57,60,62] TiCl; + OH + H,0 - TiO, + 3HCI
TiCl: + SnCL.2H20 TiO2/Sn0O; [64] TiCl; + SnCl, + 30H + H,0 - Ti0,/Sn0, + 5HCI
FeOOH [25,61] (1) Fe** +OH = Fe>* + OH-
(NH4)2Fe(S04)2.6H20 (2) Fe3* +20H™ + H,0 - FeOOH + H;0%

Mayouom Kaolinite +
(NH4)2Fe(S04)2.6H20

KMnO4

Mn(CH:;C0OO0):.2H:0

SnCl:

Na:WOQO42H:0

Fex03[25,63]
FeOy/kaolinite[25]

0-MnO; and
v-MnO, [24,42,59]
v-MnO; et
B-MnO; [24,59]

Sn0, [64]

WO [58]

calcination

2F600H — F8203 + H20
(1) Fe?* + OH — Fe3* + OH™
(2) Fe3* + 20H™ + H,0 - FeOOH + H;0™

MnO; + NO - MnO, + NO5
Mn3* + OH + Hy,0 > Mn0, + H*

(1) SnCl, + H,0 - Sn(OH)CL + HCl
(2) Sn(OH)CL+ 30H - $n0; + 2H,0 +Cl,

Na,WO0,.2H,0 +2NO — WO05.2H,0 + 2 (Na* + NO3)
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4. Context and goal of the thesis

GP appears to be an interesting technique for synthesizing catalysts with good
catalytic activities. Indeed, when compared to other methods, numerous
advantages emerge. Firstly, the creation of reactive species is made
straightforward in the reactor, and the source to generate them only
necessitates electricity, air and water, which can be considered as cheap and
renewable reactants. No additional substance is required, unlike other methods
that typically necessitate the addition of a chemical reactant. Therefore, it
makes the GP process cost-effective and environmentally friendly in
comparison to some other methods.

Moreover, the catalyst precursors employed until now for GP synthesis are
largely common, inexpensive, and readily soluble in water. This aspect
significantly contributes to the cost-effectiveness of the method when
compared to approaches like sol-gel.

Furthermore, the GP proves to be remarkably convenient in terms of facility
and synthesis time. The industrial manufacturing process for catalysts usually
entails multiple steps such as separation, washing, drying, etc., which are
almost ubiquitous across various synthesis methods and cannot be removed in
GP synthesis either. However, the synthesis method itself only requires
exposing the metal precursor solution until it precipitates. Thus far, exposure
time has not exceeded 2 hours (for SnO, synthesis from SnCl,) and can be as
short as 4 minutes (for MnO» synthesis from KMnQO4), making it an unbeatable
synthesis time compared to other methods [42,64]. Additionally, during
exposure to the plasma discharge, no parameter adjustments are necessary,
unlike other methods, simplifying the process as we can simply “let it turn”
until precipitation happens.

However, GP catalysts synthesis is not perfect, and many aspects remain to be
explored.

To begin, hypotheses have been proposed to explain the mechanism
underlying the precipitation process of a metal precursor exposed to the GP,
with the radicals OH and NO being responsible for the reaction. This
proposition is based on the observation that among the various species
generated by humid air GP, OH and NO are produced abundantly and possess
distinct characteristics: OH is a potent oxidizer, whereas NO functions as a
strong reducer (OH/H>O: 2.85 V/ENH; NO3;/NO: 0.94 V/ENH)
[24,33,37,39]). To be more specific, it has been said that “When directed to
metallic aqueous solutions, thanks to the oxidizing (HO) and reducing (NO)
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characters of the radicals it contains, the discharge induces the precipitation
of the corresponding metal (hydr)oxides” [59]. Even when acidification seems
to trigger the reaction, NO was also mentioned as the species responsible for
the precipitation [58]. Nevertheless, these radicals do not reflect all the so-
called “Reactive oxygen and nitrogen species” (RONS) produced. Numerous
other “short-lived” and “long-lived” species are generated, and they can also
act as oxidizing/reducing, and/or precipitating agents (Figure 1.10)
[31,37,39,48,49,51-53]. However, to the best of our knowledge, none of these
extra species have ever been considered to have an impact on the precipitation
process. In fact, the proposed hypothetical reactions have not been confirmed,
putting us in a state of uncertainty about which species activate the
oxidoreduction that leads to precipitation or how the associated reactions
occur inside the GP system. As a result, the mechanism of solid production by
humid air GP is still not fully understood and is primarily dependent on
hypotheses.

Furthermore, different types of precursors have been utilized in previous
literature and have demonstrated efficacy in precipitating oxides or
hydroxides. However, we still lack understanding regarding why these
precursors precipitate and whether it implies that every type of metal precursor
is capable of reacting and forming a precipitate via GP. This issue is directly
linked to the previous point where, without comprehending the mechanism of
solid formation, we cannot predict or understand why certain precursors react
while others do not. Consequently, it is challenging to ascertain at this juncture
the potential versatility of the method in synthesizing various types of
catalysts, such as bulk oxides, mixed oxides, as well as supported oxide/oxide
or metal/oxide configurations.

Additionally, while the GP synthesis appears promising given the synthesis
conditions and the synthesized catalysts, there is still room for improvement
to enhance the method’s interest. This improvement can be achieved either by
synthesizing better catalysts or by utilizing more interesting synthesis
parameters. One approach improving catalysts has previously been proposed
in the literature as “the post-discharge step” (PD, that will be later referred to
in this thesis as the “post-treatment” step (PT)) [61,65]. This involves allowing
the precursor solution, after exposure to GP and deactivation of the discharge,
to stand outside the reactor for a defined duration and at a fixed temperature.
It has been demonstrated that this step can impart new valuable properties
such as phase transformation, increased specific surface area, and enhanced
catalytic activity [61,65]. However, this step is not fully understood yet,
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making it difficult to determine its relevance to various types of synthesized
catalysts and the appropriate conditions for its implementation. Furthermore,
this step prolongs the synthesis time of the catalysts and may sometimes
necessitate additional energy input, such as heat, which could pose constraints
for industrial purposes. Hence, there are still opportunities for discovering
improvements to enhance both the method itself and the synthesized catalysts.

The primary objective of this thesis is to enhance the understanding of the
entire GP synthesis method by comprehending its functioning. This research
aims to facilitate improvements not only in the nature and properties of the
synthesized catalysts but also in the synthesis parameters employed.
Enhancing the understanding of the method will significantly contribute to
elevating its value as an innovative approach for synthesizing heterogeneous
catalysts.

5. Strategy and structure of the thesis

To achieve the mentioned objectives, the strategy pursued throughout this
thesis can be illustrated, as depicted in Figure 1.13. It revolves around 3 parts
and 6 chapters, each addressing a specific objective, as detailed in the
following paragraphs (Figure 1.13).

The Part I aims to enhance the understanding of the complete GP synthesis
method by thoroughly exploring its functioning. This part is divided into 2
chapters. The Chapter 1 is dedicated to comprehending the mechanism
underlying the precipitation process of a metal precursor when exposed to GP.
The aim is to ascertain the plasma species responsible for initiating the
oxidoreduction leading to precipitation and to understand how the associated
reactions occur within the GP system. Specifically, this involves confirming
or refuting the hypothesis proposed in the literature regarding the role of the
radicals OH and NO in the reaction, followed by the identification of at least
some of the plasma species that trigger the precipitation process. The Chapter
2 consists in investigating the parameters influencing the ability of certain
precursors to react or not via humid air GP. Various factors impacting a
precursor's ability to undergo precipitation through GP are examined,
including solubility, medium pH, the potential of redox reactions, and the
nature of the metal precursor. The aim is to enhance comprehension of the
method, creating a dichotomous key allowing us to predict the precipitation
of any type of metal precursor, and ultimately enabling the synthesis of a
broader range of catalysts, as detailed in Chapter 6.

33



General introduction

The Part II of the thesis primarily focuses on optimizing GP synthesis to
produce more interesting catalysts and/or employing more favourable
synthesis conditions. This part is structured into 3 chapters (numbered from 3
to 5 in continuity of the chapter numbers initiated in Part I). The Chapter 3
discusses the previously proposed PD step found in the literature (that will be
referred to in this thesis as the “post-treatment” step (PT)). The objective is to
understand the mechanism of this step and assess its potential applicability to
each type of solid synthesized, as well as to determine the optimal conditions,
if applicable. The Chapter 4 is based on observations from the Chapter 3,
aiming to replicate the desirable characteristics achieved through the PD step
but with reduced synthesis time and energy input, by utilizing what we called
the “no-cooling system”. In fact, in conventional plasma synthesis, the GP
reactor and the exposed solution are cooled down using a double jacket with
circulating cold water. Consequently, we explored the idea of omitting this
cooling system, i.e. allowing the solution to get heated by the energy
spontaneously provided by the plasma, and checked whether this is enough to
induce rapid maturation. Finally, the Chapter 5 entails enhancing the ease of
the method by using a Plasma-Activated Water (PAW). This system involves
exposing water to the discharge to activate it and then recovering it prior to
adding the metal precursor, which initiates the precipitation process using the
long-lived species created in the PAW. These experiments aim to propose a
simplified set-up for GP catalyst synthesis, potentially yielding similar
catalysts as those obtained through direct exposure to the discharge, without
the need for reactor washing between different metal precursor exposures.

The final part of the thesis (Part III) builds upon the insights gained from the
preceding chapters 1 and 2, demonstrating the utility of GP for catalyst
synthesis by developing novel catalyst types. This section proposes the
synthesis of supported metal/oxide catalysts through this method. More
specifically, the synthesis of metallic Au on 2 types of support, TiO, as P25
and SnO, precipitated from the plasma-exposure of SnSO4, were developed
through the exposure of a specific gold precursor, HAuCla.

Finally, this thesis concludes with a general conclusion and suggestion for
future work based on the finding presented throughout the study.
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Figure 1.13: Schematic representation of the strategy and structure of the thesis
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Experimental

Abstract

This section outlines the primary experimental procedures employed
throughout the thesis, including the GP reactor system and the conditions
under which it was used. Additionally, it describes the characterization
techniques utilized to analyse the solids formed by the GP process, as well
as the catalytic tests conducted to evaluate the activity of the synthesized
catalysts. Specific synthesis methods, techniques, and parameters
pertinent to particular chapters are detailed in separate "Materials and
Methods" sections at the beginning of each respective chapter.

Image from “iStock”
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1. GP reactor

The gliding arc plasma system employed in this study comprises the
following components (Figure E.1):

- A high voltage generator (ABL Transformer; 9 kV; 100 mA)
connected to both stainless-steel electrodes with a divergent profile,
positioned within the reactor.

- A gas supply setup consisting of a compressed air source, a saturator
filled with water in which air is bubbled, and a flowmeter controlling
the gas flow rate (fixed at =400 L/h).

- Acentral reactor in the form of a double-walled cylindrical glass tube.
It features inlets and outlets for the circulation of an external cooling
fluid (water), an additional inlet for the nozzle to direct the air flow
between the electrodes, and an opening for the gas exhaust (to prevent
exceeding pressure within the reactor). An outlet valve is also present

to facilitate retrieval of the reactor content following plasma exposure.

. Air compressor
Flow meter

. High voltage generator
Stirrer

. Water bubbling

Nozzle

. Electrodes

. Plume

. Metal precursor solution
10. Cooling water in

11. Cooling water out

12. Sample out

O 0NN R W — |

Figure E.1: GP reactor used for this thesis

When solution is exposed to the GP, 450 mL is added to the pre-washed
reactor. This ensures that the distance between the liquid surface and the
end of the electrodes is approximately 2 cm. The solution is agitated
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throughout the entire exposure using a magnetic stirrer at approximately
1 turn/second.

2. Characterizations of the solids
2.1. X-Ray Diffraction (XRD)

The catalyst, previously ground, is placed on a polished Si single crystal
sample holder covered with a thin layer of Nivea© cream and is
introduced into a Bruker-D8 Advance diffractometer with a Bragg-
Brentano geometry. The X-rays sent to the sample are produced using a
copper anode (A of Ka=0.15418 nm). The analysis is performed for angles
20 = 5° to 80° with an increment of 0.015° and 0.15 s integration time.
Detection is performed using a LynxEye XE-T Technology detector. The
diffractograms are then processed using the ICDD-PDF2-2004 database
[66].

2.2, X-Ray Photoelectron Spectroscopy (XPS)

The samples, previously crushed, are placed on a double-sided insulated
plastic sticker, which is itself placed on a 4 mm diameter stainless steel
sample holder placed in an aluminum carousel. The samples are then
degassed under ultra-high vacuum at 10 Pa for 12 hours in order to
eliminate the physisorbed compounds before being analyzed. The
machine used is an SSX 100/206 Photoelectrons Spectrometer from
Surface Science Instruments (USA). It is equipped with a micro-focused
monochromatic Al X-ray source powered at 20 mA and 10 kV. The
pressure inside the analysis chamber is 10 Pa, and the analysis angle is
55°. An electron gun operating at 8 eV and a Ni grid placed 3 mm above
the sample surface are used to ensure that the sample charge is stabilized
during analysis. The data are processed using the CasaXPS program from
Casa Software Ltd, UK. To calibrate the binding energy, the C-(C,H)
component of the C 1s peak is positioned at 284.8 eV. The atomic
percentages are obtained using the normalized peak areas, the sensitivity
factors provided by the manufacturer, and a Shirley-type baseline. The
atomic percentages of each element are recalculated by removing the
carbon contamination due to the experimentation. From the percentage
obtained for O 1s, the quantity of O atoms bound to the carbon
contamination is deduced, considering 3 types of carbon-oxygen bonds:
0-C=0, 0-C-O and C=0, and C-O. The remaining percentages of the
elements not coming from the contamination are then brought back to
100%.
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2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive
X-Ray (EDX)

The ground solids are placed on an adhesive carbon sticker, which is itself
deposited on an aluminum support. The scanning electron microscope
used is a JEOL 7600F operating at 2 kV for the SEM images in Gentle
Beam High Resolution mode (GBH) and at 15 kV for the EDX analyses.
The atomic percentages of each element are recalculated by removing
carbon and aluminum contamination (considered to come exclusively
from the sample holder and the sticker). All remaining percentages are
then brought back to 100%.

24, N»-physisorption

N»-physisorption is used to measure the specific surface area by the BET
method (Brunauer, Emmett, and Teller) in the usual relative pressure range
of 0.05-0.30. and the pore volume by the BJH method (Barrett-Joyner-
Halenda). In practice, the weighed ground solids are introduced into glass
tubes with a filler rod to limit the error in the measurement due to the dead
volume of the glass tubes. A vacuum degassing of at least 6 hours at 150
°C is carried out at a vacuum of approximately 10 mbar. After degassing,
the powder is weighed again. Then the glass tube is introduced into a
specific surface area and porosity analyzer (TriStar 3000 from
Micromeritics). The analysis is carried out at -196°C in the range of
relative pressures from 0.01 to 0.99.

2.5. Catalytic tests — total oxidation of benzene

Since most of the catalysts synthesized in this thesis are oxidizing, their
catalytic activity is tested in VOCs degradation, by comparing their ability
to totally oxidize benzene in the gas phase at different temperatures
(Eq.E.1). The primary purpose of this test is to evaluate the impact of the
modifications introduced in the synthesized solids, rather than to develop
the best catalysts for this specific reaction.

15
CoH + =07 = 6C0; + 3Hy0 (Eq.E.1)

The catalysts tested are sieved to achieve a particle size ranging between
200 and 315 pum. A constant mass of 100 mg of catalyst, mixed with 400
mg of glass beads measuring between 350 and 500 pm, is introduced into
the reactor between 2 layers of quartz wool so that the different compared
catalysts always occupy the same volume within the reactor. The reaction
gas, containing 200 ppm by volume of benzene (from a gas bottle of 2000
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ppm, diluted with He, from Nippon gases) and 10 vol% O (gas bottle from
Air Liquid, purity > 99.995%), is continuously supplied to the reactor at a
flow of 100 mL/min throughout the analysis, with He serving as the carrier
gas. The reagent-to-catalyst volume ratio per hour (VVH) is maintained at
approximately 60000 h™'. The reactor operates within a temperature range
from 50 to 400°C, with increments of 50°C per stage. At the outlet of the
reactor, the gas effluent is directed to a Varian CP-3800 gas chromatograph
equipped with a CP-sil 8CB column and a flame ionization detector (FID).
He is used as the GC carrier gas and the analysis is conducted at a constant
temperature of 80°C. To calculate the remaining (not converted) benzene,
we maintain each tested temperature for 90 min. During this time, six
injections of the reactor outlet gas are performed, but only the 4 last
injections (when the tested temperature is stabilized) are considered.

The quantification assumed that at the initial reactor temperature, i.e.
50°C, benzene does not undergo any conversion, and that the peak area at
this temperature signifies 0% conversion. Using this reference area, the
benzene conversion for each temperature stage is calculated using Eq.E.2:

peak area at 50°C — peak area at a given temperature

100 (Eq.E.2
peak area at 50°C . (Eq )

A blank test is conducted under the previously described catalytic
conditions, using 500 mg of glass beads measuring between 350 and 500
um in place of a catalyst.
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Part I - Enhancing understanding of
the GP catalysts synthesis method

Abstract

The purpose of the Part I is to enhance the understanding of the complete
GP synthesis method by thoroughly exploring its functioning. This part is
divided into 2 chapters. The first chapter (Chapter 1) is dedicated to
comprehending the mechanism underlying the precipitation process of a
metal precursor when exposed to GP. The aim is to ascertain the plasma
species responsible for initiating the oxidoreduction leading to
precipitation and to understand how the associated reactions occur within
the GP system. We discovered that, contrary to what was stated in the
literature before, OH radicals are not responsible for oxidizing the exposed
precursors. Instead, we found that long-lived species, particularly HNO,
and/or NOy’, are the main active agents. Additionally, we observed that
oxygen-based species significantly impact the reaction. The second
chapter (Chapter 2) consists in investigating the parameters influencing
the ability of certain precursors to react or not via humid air GP. Various
factors impacting a precursor's ability to undergo precipitation through GP
are examined, including solubility, medium pH, the standard potential of
redox reactions, and the nature of the metal precursor. The aim is to
enhance comprehension of the method, creating a dichotomous key
allowing us to predict the precipitation of any type of metal precursor, and
ultimately enabling the synthesis of a broader range of catalysts.
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Abstract

Gliding arc plasma (GP) is an innovative method for synthesizing
heterogeneous catalysts, but the exact reactions involved in catalyst
formation remain unclear. The hypothetical reaction from the literature
currently considers OH and NO radicals in the catalyst formation (metal
(hydr)oxide) when precursors (metal salts) are exposed to plasma. Yet,
these reactions remain unverified, and other reactive plasma species have
never been considered to exert an influence on the precipitation.
Therefore, this chapter investigates which species are responsible for the
oxidoreduction of precursors exposed to the GP. Experiments with a OH
radical scavenger (coumarin) in presence of iron precursors showed that
theses radicals are not the sole contributors in the oxidation of the
precursors, suggesting that other plasma-generated species might
contribute to the oxidation process, such as long-lived species. Further
studies showed that FeSO4 and KMnO, formed similar precipitates when
added in demineralized water pre-exposed to plasma as when directly
exposed to the GP. This suggests that the predominant initiators of the
precipitation are the long-lived species, identified as NOs™ and HNO»/NO»
in our system. We then demonstrate indeed that HNO»/NO,  species play a
prominent role in the plasma precipitation process, which has never been
reported before. However, further tests indicates that a higher yield of
precipitate is obtained by exposing KMnO4 and FeSOs4 to O as plasma
gases, suggesting that oxygen-based species also influence the
precipitation.

The results presented in this chapter have been published in:

Fanny Hanon, Sophie Hermans, Eric M. Gaigneaux,
What are the species involved in the gliding arc plasma
synthesis of heterogeneous catalysts?, Catalysis Today,
Volume 430, 2024, 114550

https://doi.org/10.1016/j.cattod.2024.114550
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1. Introduction

As mentioned in the General Introduction, section 3.3.2, the GP reactor is
currently employed in various applications, including heterogeneous
catalysts synthesis [31,33,42,48,50,57,61]. This method has already
demonstrated its potential for synthesizing metal (hydr)oxides (TiO-,
FeOOH/FeOx, MnO,, SnO,, WOs;) and supported catalysts
(FeOx/Kaolinite, TiO»/SnO;) with good properties and interesting catalytic
activity when used for pollutant degradation in both gaseous and liquid
phases (Table 1.3) [42,56—61,64]. Currently, all the hypothetical reactions
suggested in the literature to depict the formation of solid catalysts when
their precursors (usually soluble metal salts) are exposed to GP, involve
only the radicals OH and NO (Table 1.3). It has been stated that “When
directed to metallic aqueous solutions, thanks to the oxidizing (HO) and
reducing (NO-) characters of the radicals it contains, the discharge induces
the precipitation of the corresponding metal (hydr)oxides” [59].
Nevertheless, these radicals do not represent all the so-called “Reactive
oxygen and nitrogen species” (RONS) generated. Numerous other “short-
lived” (with lifetime in the nanosecond-millisecond range) and “long-
lived” species (lifetime > 1s) are formed, as already mentioned in the
General Introduction, section 3.3.1 (Figure 1.12, Table 1.1). And these
species can also have a role as oxidizing/reducing and/or precipitating
agents (Figure 1.10) [31,37,39,48,49,51-53]. However, to the best of our
knowledge, none of these additional species have ever been considered to
exert an influence on the precipitation process. In fact, the proposed
hypothetical reactions have not been proven, leaving us in a state of
uncertainty regarding which species do trigger the oxidoreduction leading
to the precipitation and how the corresponding reactions do occur within
the GP system.
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Table 1.1: Overview of the short and long-lived RONS generated in liquid media exposed to humid air plasma and how these species have been quantified in the
literature ; adapted from [52] ; completed with [53]

Short-lived RONS Long-lived RONS
Species Detection methods Species Detection methods
e  Fluorospectrophoto-metry using e UV-vis absorption spectroscopy
coumarin as OH radical scavenger using TiOSO4
e  Electron-spin resonance e  Fluorescence method with
From dissociation | OH, HOO spectroscopy (ESR) with 5,5- H,02 Amplex red hydrogen peroxide
of water molecules Dimethyl-1-pyrroline N-oxide > assay kit
(DMPO) used as scavenger of OH e  Commercial peroxide test strips
and Oy radicals
€ solvated, H 03, 0y, Oy
e Nitrate assay kit
ONOOr UV-vis absorption spectroscopy HNO3/NO3; | o Nitrate selective electrode
e UV-vis spectroscopy
In presence of air > *  Nitrite assay kit
e  UV-vis spectroscopy
NO Electron-spin  resonance spectroscopy HNO2/NOz™ | &  Colorimetric method using
(ESR) Griess reagent

e  Nitrite test strips
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Therefore, the objective of this chapter is to progress in the identification
of which species, among those various ones generated by humid air GP,
are truly accountable for the oxidation or reduction of precursors leading
to the precipitation of (hydr)oxides when metal salts in solubilized forms
are exposed to the plasma.

To test the validity of the hypothesis suggested in the literature that NO
and OH radicals are accountable for the oxidation or reduction of
precursors that is needed for (hydr)oxides formation, we will check
whether precipitation occurs or not within the GP reactor in the absence
of these species. The role of OH was the centre of our attention as we here
after report experiments in which OH is removed from the medium thanks
to the use of a specific OH radical scavenger, namely coumarin (cou), and
the concomitant fluorospectrophotometric quantification of their product,
7-hydroxycoumarin (7HC) (Figure 1.1) [67-75].

AL O~ 0.0
'*-n\:;.‘-'a’.': "-n,__v_-._;."-:": “‘*..,_‘:__-:".-'-"-" H"H.;,:TJ’."{?
Figure 1.1: Formation of the 7-hydroxycoumarin from the reaction between coumarin
and OH radical

After clarifying the role of OH in the precipitation of precursors exposed
to GP, our investigation extended to the identification of alternative
species among the long-lived species plasma-generated ones that
contribute to the precipitation process. By a UV-visible spectroscopic
analysis and additional dedicated experiments, the role of H,O», NO;™ and
NO; was addressed.

Finally, the use of other types of plasma gases (He, Ar, O», and N) was
explored to observe the impact of different types of plasma species on the
precipitation of the metal precursors exposed to the GP.

2. Materials and methods
2.1. Materials

FeSO4.7H,O (= 99%) and 1,10-phenanthroline (1,10-phenanthroline
monohydrate, > 99.0%) were purchased from Sigma Aldrich.

KMnOj4 (= 99%), NaNO; (= 98%) and HNOs3 (65%) were obtained from
Roth, NaNOs (= 99%) from Merck and the coumarin (> 99%) from
Thermo Scientific.

All the solutions were prepared with demineralized water as solvent.
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2.2. Methods
2.2.1. Conditions used when a solution is exposed to the GP

The gliding arc plasma system used in this study is the same as the one
presented in Experimental, section 1.

2.2.2. Are OH responsible for the oxidation of precursors exposed
to GP?

Before challenging the hypothesis that OH are responsible for the
oxidation of precursors exposed to GP, our initial step involved observing
the formation of OH in an aqueous solution when exposed to the plasma.
For this purpose, a 10~ mol/L solution of coumarin (cou) was subjected to
plasma exposure for 120 min. Determining the appropriate concentration
of coumarin to effectively react with OH radicals is challenging as if the
concentration is too low, the reaction may be too slow, allowing OH to
react non-specifically with coumarin. Conversely, if the concentration is
too high, the coumarin may either fail to dissolve adequately in water or
create steric hindrance, preventing rapid interaction with OH radicals.
Therefore, this concentration was selected based on previous literature to
facilitate a rapid reaction between cou and OH while minimizing the
potential consumption of OH by compounds other than cou [68,71]. 10
mL of the solution was collected at 30 min intervals for 2h and analysed
by fluorospectrophotometry (Cary Eclipse fluorescence
spectrophotometer (from Agilent)) with a slit of 10. The resulting 7HC
produced through the reaction between cou and OH was analysed using
an excitation wavelength of 346 nm, with the emission wavelength being
observed around 456 nm [67-75]. It is worth noting that quantifying the
7HC formed does directly give the amount of OH generated in the
medium, as the reaction between cou and OH produces multiple products.
Indeed, several hydroxycoumarins can form alongside 7HC, though none
are fluorescent and therefore do not interfere with the 7HC measurement
[76]. While these additional products can be observed using UV-vis
spectroscopy, their overlapping absorption wavelengths make it
impossible to quantify each individually. Consequently, we relied on the
qualitative observation of 7HC formation as sufficient evidence of OH
radicals presence during exposure.

Afterwards, we explored whether the oxidation of precursors exposed to
GP remains feasible in the absence of OH. To do that, we exposed a 102
mol/L solution of FeSO..7H,0 in the presence of 102 mol/L of cou to the
GP for 1h (solution named “FeSOs + cou 107?"). This precursor was
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selected because Fe?" precursor was already known to oxidize into
FeOOH upon exposure to GP [61]. Furthermore, this concentration of cou
was chosen to effectively block as much OH in the system as possible
without exceeding the solubility limit of cou in water. The resulting
precipitate was collected through centrifugation (24490 G for 30 min),
subjected to two washing cycles with demineralized water, dried in an
oven under air at 110°C for 22h + 2h and then calcined in a muffle furnace
under air at 400°C for 2h.

2.2.3. Do the long-lived species influence the precipitation process
of precursors exposed to the GP?

In order to identify other species implicated in the GP assisted
precipitation, we conducted a two-step experimental approach. Our initial
focus was on determining the eventual involvement of long-lived species.
To confirm their role in the oxidation of precursors, we exposed 450 mL
of demineralized water to plasma for 1h, recovered it and then introduced
102 mol/L of FeSO4.7H,0 in it, as Fe*" precursor is known to oxidize upon
GP exposure. The resulting mixture was stirred at room temperature for
1h (named “water 60 min + FeSO4 60 min after”). To ascertain whether
these long-lived species participate in precursor reduction, we exposed
450 mL of demineralized water to GP for 30 min, collected it and then
introduced 102 mol/L of KMnOQs in it (named “water 30 min + KMnO4 30
min after”’), as KMnQOy precursor is known to reduce into MnO» upon GP
exposure [59]. The resulting mixture was stirred at room temperature for
30 min.

Subsequently, our focus shifted toward the identification of long-lived
species generated within our GP reactor and which of them is involved in
precursor precipitation. To achieve this, we subjected demineralized water
to plasma exposure for 1h and performed UV-visible spectroscopic
analysis (Shimadzu UV-3600 PLus) at 15 min intervals for lh. The
samples are contained in a quartz cuvette (100-QS, Hellma Analytics) of
a standard optical path of 10 mm. The transmission spectrum is recorded
from 200 to 300 nm with photomultiplier tube (PMT) detector since the
absorption spectrum of long-lived species extends below 300 nm and that
no absorption occurs in the visible and near infrared ranges (400-900 nm)
[77]. For the quantification of NO; and NOy, calibration curves using
NaNO, and NaNOs were established (Supplementary Information SI.1).
The matrix used to measure the blank is pure demineralized water. The
concentrations of the species are determined from an absorbance spectrum
(intensity versus wavelength) using the Beer-Lambert law where € is the

55



Chapter 1 — Plasma species involved in the precipitation

molar absorptivity of the chemical species at a certain wavelength, 1 is the
optical path length, and C is the concentration of the species (Eq.1.1).

A=¢lC (Eq.1.1)

The measurement of NO»™ intensity absorbance was performed at 240 nm,
as it exclusively absorbs at this wavelength. Quantification of NO3™ was
performed by measuring the absorbance at 210 nm, with the contribution
from previously calculated NO,  absorbance subtracted (Supplementary
Information SI.2). Along the experiment, the pH of the solution was
measured at 15 min intervals. The impact of pH on this quantification was
previously reported in the literature and taken into account here to select
the appropriate wavelengths for our analysis [77].

To identify the long-lived species accountable for the precipitation
process, we stirred 450 mL of a 102 mol/L solution of KMnO4 or FeSO4
and introduced at 15 min intervals a precise amount of HNO3 or NaNO»
(experiments named “FeSO4+NaNO, (+HNO3)” and “KMnO4+NaNO,
(+HNOs)”). The quantity added was chosen to align with the amount of
NOs; and NO»" formed during the plasma exposure (Figure 1.8, Table 1.2).
This protocol was executed over a duration of 30 min for KMnO4 and 60
min for FeSOs. It should be noted that during the addition of NaNO, a
small quantity of HNO; was also introduced to maintain a pH similar to
the value attained during plasma exposure of pure demineralized water
(Figure 1.8).

Table 1.2: Quantity of NaNO: and HNOs added in the experiment aiming at identifying
the long-lived species accountable for the precipitation process

HNO3 NaNO:
Duration of | Concentration Concentration
the of HNO3 added of NaNO: added
experiment in the solution | pH | in the solution | pH
(min) in total in total
(mol/L) (mol/L)
0 0 4 0 4.1
15 3.2%107 3.5 1.6*10 3.5
FeSO4 30 4.0*%10* 34 2.5%1073 34
45 4.4%104 32 3.7%103 32
60 5.6%10* 3 4.0%1073 3
0 0 6.2 0 6.3
KMnO4 15 3.2%107 3.9 1.6%1073 3.5
30 4.0%10* 3.4 2.5%1073 3.2
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For all the experiments presented above, we subjected the FeSO4.7H,O
solution to a 1h synthesis and the KMnO4 solution to a 30 min synthesis
because these durations represent the respective optimal plasma exposure
periods to obtain the highest yield and quality of catalyst synthesized using
these precursors. Furthermore, the resulting precipitate was collected
through centrifugation (24490 G for 30 min), subjected to two washing
cycles with demineralized water, dried in an oven under air at 110°C for
22h + 2h and then calcined in a muffle furnace under air at 400°C for 2h.

Moreover, for all the experiments presented here, the quantity of precursor
transformed into a precipitate was quantified by UV-visible spectroscopy
(in the same conditions as explained before). MnOy ions absorb within
the wavelength range of 425 to 625 nm, with a maximum absorbance at
525 nm. Therefore, it is possible to determine the quantity of KMnQjy that
has reacted by analyzing the solution before and after the solid synthesis.
To avoid an absorbance saturation, all KMnOQ4 solutions were diluted 20
times. On the other hand, to observe the Fe** ions from the iron precursor,
the introduction of a complexing agent is imperative. When combined,
Fe?" and 1,10-phenanthroline (phen) interact in a 1:3 ratio, forming an
orange-red coloured complex [Fe(phen);] when in aqueous medium
(Eq.1.2) [78]. To quantify this complex, the absorbance is gauged at 510
nm via UV-visible spectroscopy. As for KMnO4 quantification, the
evaluation of reacted Fe*" necessitates an analysis of the solution before
and after the solid synthesis. To perform this experiment, a solution
containing 66 pL of the sample is mixed with 5 mL of a phen solution (100
mg of phen in 100 mL of demineralized water) within a 100 mL flask.
After a mixing period of 15 min to allow a full colour development, the
flask is then filled to the mark with deionized water.

Fe?* + 3phen - [Fe(phen);]** (Eq.1.2)

The final yield of formed precipitate for each precursor was computed
using Eq.1.3.

precursor]; — [precursor]

[precursor];

Yield(%) = <[ > x100  (Eq.1.3)

A calibration curve was established for both precursors in order to

determine the quantity of MnOs and Fe?* within the solutions
(Supplementary Information SI.3).
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2.2.4. Whatis the impact of the type of plasma gas on the
precipitation of precursors exposed to the GP?

To determine whether plasma species other than nitrogen-based ones
could trigger the precipitation of the exposed precursors, various types of
plasma gases were tested. The plasma gases used were He (> 99.999%,
Air liquide), Ar (> 99.999%, Air liquide), Oz (> 99.995%, Air liquide), N
(>299.999%, Air liquid), dry air (N2+0O2 > 99.999%, Air liquid), and humid
air (obtained by passing dry air N>+O; > 99.999%, Air liquid, by a
saturator filled with demineralized water maintained at room temperature,
i.e. about 15-20°C). The gas flow rates were chosen to achieve a plume
length similar to that of humid air (He: 433 L/h, Ar: 316 L/h, O,: 200 L/h,
N»: 400 L/h, dry air: 400 L/h, humid air: 400 L/h). For O, the chosen flow
rate was insufficient to create a long enough plume for comparison with
other experiments. However, to maintain a stable plume and avoid
unstable arc forming at the liquid surface, a lower flow rate was used
during the experiment with O».

To assess the impact of these other species on the oxidation of the
precursors, we exposed 450 mL of 102 mol/L of FeSO4.7H,0 for 1 h. For
the reduction of the precursors, 450 mL of 10 mol/L of KMnO4 was
exposed for 30 min. These precursors were dissolved in ultrapure water
(18.2 MQ, 3 ppb of total organic carbon content (TOC)) to eliminate any
potential nitrogen sources present in the demineralized water previously
used. The quantity of precursor transformed into a precipitate was
quantified by UV-visible spectroscopy, following the same conditions
outlined in the Part I, Chapter 1, section 2.2.3.

Additionally, the formation of potential NOs~ and NO:  species was
investigated by exposing 450 mL of ultrapure water to the GP exposure
for 60 min with each type of plasma gas. The exposed water was analyzed
using UV-visible spectroscopy every 15 min, as described in Part I,
Chapter 1, section 2.2.3.

The pH of the solution was also measured every 15 min for each type of
plasma gas used. Each experiment was performed twice for each plasma
gas to obtain an average quantity of plasma species formed.

2.3. Characterization of the solids formed

All the instrumental characterizations used here (XRD, XPS, SEM, EDX,
Nz-physisorption) were done after calcination of the solids formed, except
for XRD that was done both before and after the calcination step.
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All the characterizations performed in this chapter were carried out as
presented in Experimental, section 2.

3. Results and discussion

3.1. Are OH radical responsible for the oxidation of precursors
exposed to GP?

Before using cou as radical scavenger in the presence of precursors, we
confirmed that OH radicals are generated in an aqueous solution exposed
to humid air GP in our conditions. The emission peak of 7HC (around 456
nm) indeed increases over time when a 107 mol/L solution of cou is
subjected to plasma exposure (Figure 1.2). This observation signifies an
augmentation in the quantity of OH generated within the solution
throughout the exposure period.
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Figure 1.2: Evolution with time of fluorescence emission peak of the 7HC produced when
a 107 mol/L solution of cou is exposed to humid air GP

With the presence of cou in a FeSOy solution, the formation of a precipitate
occurs slightly more slowly than without. The yield of formed precipitate
is also slightly lower but the formed solids develop identical specific
surface areas and pore volumes in both cases (Table 1.3).
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Table 1.3: Time required for the appearance of a precipitate, yield of formed precipitate,
specific surface area and pore volume of solid obtained after calcination, for FeSO4
exposed to GP with or without cou

Time required for Yield of Specific Pore
the formation of a formed surface area | volume
precipitate precipitate (m?/g) (cm®/g)
(min) (%)
FeSO4 +15 53+1 49 0.14
FeSO. 20 48+ 1 49 0.15
+ cou 102

Furthermore, the diffractograms of both solids exhibit identical peaks
corresponding to goethite (FeOOH) before calcination (Figure 1.3) and
hematite (Fe»O3) and FeOHSO, after calcination (Figure 1.4).

| A FeOOH Goethite (PDF 81-0464)]
A

—— FeSO,
FeSO, + cou 107

LI
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (°)

Figure 1.3: XRD data of solids formed before calcination, in the case of FeSO4 exposed
to GP with or without cou
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Figure 1.4: XRD data of solids formed after calcination, in the case of FeSO4 exposed to
GP with or without cou

As the time to observe the formation of the precipitate increases and the
yield of recovered solid at the end of the synthesis decreases when the
exposure is done in the presence of the radical scavenger, it suggests that
OH indeed potentially facilitates the oxidation of the precursor, and
therefore its precipitation. Furthermore, the composition of the 2 solids is
different. The solid formed in the presence of the radical scavenger
possesses less Fe and more S both at its surface (as measured by XPS) and
in its bulk (as measured by EDX) (Table 1.4). The percentages of each
phase can be computed by assessing the quantity of Fe linked to the
FeOHSOs phase (1S for 1Fe) and the remaining amount of Fe being from
the Fe.Os; phase. Through this calculation, we observe that a higher
proportion of FeOHSO4 (and correspondingly a lower proportion of
Fe,03) is developed in presence of the cou (Table 1.4). The fact that the
proportions of phases differ when the exposure is done with or without
OH scavenger can be explained by examining the formation mechanism
of these 2 phases within the plasma system. Both the FeOHSO, and Fe,O3
phases consist of Fe** species, indicating that the precursor must undergo
oxidation in the solution before being capable of precipitating.
Specifically, when FeSOy, is introduced into the solution, it dissociates into
Fe? and SO4* ions. Subsequently, the plasma species oxidize Fe** to Fe**.
When present in water, Fe** ions are unstable, leading to their spontaneous
hydrolysis into FeOOH (later transformed to Fe,Os through calcination)
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(Eq.1.4). Fe** may also engage in reactions with other ions within the
medium, including SO4> coming from the precursor (Eq.1.5). Given that
the concentration of SO4* is lower that of H,O, the occurrence of this
reaction becomes less probable. Consequently, less FeEOHSO4 phase is
formed, likely as an amorphous phase before calcination, as it is not
detected by XRD before calcination. The observed decrease in the
formation of the FeOHSO4 phase in the presence of OH radicals may
indicate an interaction between the OH and the sulfates. Precisely, the
literature reports that within a medium housing reactive species like
solvated electrons or radicals, SO4* ions might transform into SO;*,
subsequently evolving into the radical SO4 [79,80]. In fact, this radical
exhibits higher oxidation potential and longer lifetime compared to OH,
which can, in turn, provide an explanation for the slightly increased
amount of solid formed in absence of the radical scavenger [79,80].

Fe3* + 2H,0 » FeOOH + 3H* (Eq.1.4)
Fe3* + S0}~ + H,0 —» FeOHSO, + H* (Eq.1.5)
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Table 1.4: Bulk (EDX) and surface (XPS) composition and % of each phase developed (calculated from the at% of Fe and S obtained by EDX analysis) in solids
formed after calcination in the case of FeSO4 exposed to glidarc plasma with or without cou

Fe (0] S % of each phase formed
(at%) (at%) (at%) (%)
XPS EDX XPS EDX | XPS | EDX FeOHSO4 Fe:0s
(Fe2p) (O1s) * (S2p) *k
FeSO4 343 19 62.3 73 3.5 2 11 89
FeSO4 + cou 1072 27.6 14 66.2 83 6.2 3 21 79

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.

%F
** 0h of FeOHSO,formed = ("(ﬁlp;’(l—:t:;’”“) %100 where %Fe(from reonso,) = %Stotan)
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These results show that OH radicals have an impact on the reaction of the
precursor under GP exposure, as when its presence is diminished in the
medium, the yield of formed solid decreases slightly and the amount of
each phases developed changes (due to the potential interaction between
OH and ions from the precursors). Nevertheless, considering that even
without OH in the medium, we still obtain almost the same yield and
developed solids with similar features, it suggests that other plasma-
generated species may exert a similar oxidation effect as these OH
radicals. Consequently, the presence of the latter is not absolutely required
to trigger the precipitation process.

3.2. Do the long-lived species influence the precipitation process
of precursors exposed to the GP?

3.2.1. Can the long-lived species initiate the precipitation?

The hypothesis emitted after the conclusion drawn above regarding the
OH is that long-lived species generated by GP also take part in the
precipitation of products from the exposed precursors. To test this
hypothesis, we exposed demineralized water to the plasma discharge,
recover the treated water and then introduced in it FeSO4 or KMnOy as
metal precursors. In these conditions, only the long-lived species are
expected to persist in the water, and consequently, they alone could
potentially initiate the precipitation of some solid products. Furthermore,
since FeSOs is oxidized and KMnO4 reduced upon plasma exposure, the
use of these 2 precursors in comparison allows determining whether long-
lived species have the capacity to undergo both reduction and oxidation
processes.

In this experiment, a precipitate was formed from both solubilized
precursors, appearing after approximately the same exposure duration as
when directly exposed to the GP (Table 1.5). The formed solids also
develop similar specific surface areas and pore volumes in both cases,
although the values are slightly higher when FeSOy is introduced to the
demineralized water after the exposure (Table 1.5). The yield of solid
formed is approximately the same for KMnO4 when directly exposed to
the discharge or when added in a pre-exposed water. On the other hand,
the solid recovered is more abundant with FeSO4 precursor is added in the
pre-exposed water (Table 1.5). Therefore, the fact that the yield for both
precursors is either similar or higher when introduced into pre-exposed
water suggests that the long-lived species alone possess the capability to
initiate the precipitation reaction. Furthermore, it confirms that OH
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radicals are indeed not necessary to initiate to precipitation of precursors,

as their lifetime is too short to ensure their presence in a pre-exposed

water.

Table 1.5: Time required for the appearance of a precipitate, yield of formed precipitate,
specific surface area and pore volume of solid obtained after calcination, when FeSO4

and KMnOq undergo a) direct exposure to the GP or b) introduction after demineralized
water has been exposed independently

Time required Yield of Specific Pore
for the formation formed surface volume
of a precipitate precipitate area (cm¥/g)
(min) () (m*/g)
a) FeSO4 +15 53+1 49 0.14
b) Water 60
min + FeSO4 +15 79+5 59 0.2
60 min after
a) KMnO4 +5 18+1 ~0 /
b) Water 30
min + +5 15+2 ~0 /
KMnO4 30
min after

Regarding the diffractograms of the obtained solids, they exhibit identical
patterns whenever the precursor is added in the direct exposure mode or
after the preexposure of water to the glidarc. In the case of FeSOs, the
resulting solid is identified as the FeOOH phase before calcination and a
mixture of FexOs and FeOHSOy after calcination, while for KMnOs, the
formed solid corresponds to the KMnO, phase both before and after
calcination (Figure 1.5, Figure 1.6).
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Figure 1.5: XRD data of solids obtained before calcination when FeSO4 and KMnOy
undergo direct exposure to the GP or introduction after demineralized water has been
exposed independently
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Figure 1.6: XRD data of solids obtained after calcination when FeSO4 and KMnO4
undergo direct exposure to the GP or introduction after demineralized water has been
exposed independently

Within its error margin (1 at%), EDX shows that the solids obtained along
the two different procedures have the same bulk composition. On the other
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hand, the variations in their surface compositions measured by XPS
exceed the method’s error margin. More precisely, when the precursors
are introduced subsequently to the exposure of demineralized water to the
plasma, the resulting solids exhibit less Fe or Mn and more S or K at their
surface. For the FeSOy4 precursor, it is possible to calculate the quantity of
each phase developed. Slightly more FeOHSOys is generated at the surface
when the precursor is introduced after the glidarc pre-exposure of water
(Table 1.6). This phenomenon can be explained on the basis of the
previously proposed hypothesis. As SO4* ions could interact with OH,
introducing the precursor after water exposure, wherein no OH is present
anymore, results in a greater abundance of these ions available for the
formation of the FeOHSO4 phase. However, regarding the solids formed
from KMnOQys, the observed variation in the surface % of K is likely due to
the washing step. KMnQO4 forms small KMnO, particles that are difficult
to recover completely by centrifugation. Consequently, to retain more
particles during the washing step and prevent excessive loss, less fresh
water is used than with other precursors. This reduced washing may result
in a higher residual amount of K* remaining after the drying step, leading
to an increased presence of K* at the solid’s surface. Therefore, we believe
that the amount of K remaining at the surface of the solid is not influenced
by the plasma exposure.

Considering these results, we can assert that the predominant initiators of
the precipitation for exposed precursors in the GP reactor are more likely
the long-lived species.
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Table 1.6: Bulk (EDX) and surface (XPS) composition and % of each phase developed (calculated from the at% of Fe and S obtained by EDX data) of solids
obtained after calcination when FeSO+ and KMnO4+ undergo a) direct exposure to the GP or b) introduction after demineralized water has been exposed

independently
Fe or Mn (0] SorK % of each phase formed
(at%) (at%) (at%) (%)
XPS EDX | XPS EDX* XPS EDX FeOHSOq4 Fe20s
(Fe2p or Mn2p) (O15s) (S2p or K2p) *ok
a) FeSO4 343 19 62.3 73 3.5 2 11 89
b) Water 60 min 313 21 | 646 76 4.1 2 10 90
+ FeSO4 60 min after
a) KMnOq4 28.5 22 62.0 72 9.5 6 / /
b) Water 30 min 27.0 23 | 608 | 70 12.1 7 / /
+ KMnOj4 30 min after

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
WFe(rr
**0h of FeOHSO,formed = (M> + 100 where %F e(from reonso,) = %S(total) (Eq.1.7)

%Fe(total)
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3.2.2. What are the long-lived species created in aqueous medium
exposed to humid air GP?

As mentioned in the introduction, the long-lived RONS produced by
plasma, which are highlighted in the literature for their significant roles in
the liquid phase, mainly include H,O,, HNO3/NOs; and HNO»/NOy
(exhibiting oxidizing and acidifying effects) [52]. However, at this stage
we are uncertain about the presence of these species within our GP reactor.
Therefore, a part of our study aimed at ascertaining whether these 3 key
species are indeed generated within our system, prior to determining
which among them is responsible for precipitating the solid products.

After exposing demineralized water to the GP and subjecting it to UV-vis
spectroscopic analysis, several observations came to light. Firstly, no
peaks are present beyond 250 nm, indicating the absence of H»O:
generation in our system (Figure 1.7). To firmly establish this, an
alternative H,O» detection method was employed, involving the exposure
of Ti(IV) to the plasma and subsequently analysing the solution in UV-vis
spectroscopy. If H,O» is indeed produced in the medium, it leads to the
formation of the yellow complex [Ti(O2)SO4]xH-0O, which absorbs around
400 nm [81,82]. To validate the absence of H,O, formation in aqueous
solution exposed to our GP, a solution consisting of 450 mL of 50 mL/L
Ti(SO4)2 (15% solution, Fisher) was exposed to the plasma for 45 min.
After that, direct analysis of the solution was conducted using UV-visible
spectroscopy within the wavelength range of 300 to 600 nm. A blank
solution of 50 mL/L Ti(SO4), in demineralized water served as the
reference. Under these conditions, the creation of the [Ti(02)SO4]xH,O
complex was never observed. To confirm that Ti(SOs), is not decomposed
by the GP, potentially explaining the lack of complex formation, a non-
negligible quantity of H,O, was introduced to the solution after the
exposure. This led to a distinct shift in colour solution to a vibrant yellow,
confirming the effectiveness of the complexation even after exposure.
Consequently, these observations conduct to the conclusion that no H,O»
is generated within our experimental medium when exposed to the humid
air GP.

This phenomenon can be explained if NO-" is generated within the system.
In such instances, NO;  would quickly react with and consume the formed
H,0,, offering an explanation for its non-observation (Eq.1.6). This has
been previously proposed in the literature, pointing that the presence of N
species in the plasma gas hinders the observation of H,O; resulting from
its reaction with said species [83—85], as follows (Eq.1.6):
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On the other hand, we observe an increase in the absorption peak below
250 nm with the exposure time. This reflects the augmentation of NOy»
and/or NOj; concentration (Figure 1.7). Quantifying these 2 species
reveals a greater formation of NO; in comparison to NO; yet both
building up with exposure time (Figure 1.8). The solution’s pH decreases
with the exposure time, corresponding to the formation of acids like HNO;
and HNO;. However, the pH appears to stabilize around 3, likely due to
the buffering effect of HNO,/NO,", which has a pKa of 3.15. This means
that, within this pH range, both HNO- and NO: species coexist [86].
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Figure 1.7: Evolution of the UV-visible spectrum absorbance of demineralized water
along its exposure to the GP
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Figure 1.8: Concentration of NO> and NO5 in demineralized water exposed to the GP
for 1h and pH of the medium

3.2.3. Among the long-lived species, which ones do exert an
influence on the redox and precipitation process?

Having established the composition and quantity of some long-lived
species within our medium, we can now ascertain whether NO3™ and/or
HNO,/NO;™ are accountable for the precipitation phenomenon.

Upon introducing HNOj into solutions of KMnQOj4 or FeSO4, matching the
concentration generated by GP, no precipitation was observed in either
scenario. This reveals that NOs™ does not trigger the precipitation. On the
other hand, when NaNO, (along with HNOs to attain an equivalent pH as
during the plasma exposure) is introduced to these precursor solutions, a
precipitate forms in both cases. The solid appears after approximately the
same time but the yield of formed precipitate in the case of FeSOy is higher
when NaNO, is added, and lower in the case of KMnQOs. For both
precursors, the formed solids develop similar specific surface areas and
pore volumes as those recovered in the direct exposure experiments (Table
1.7).
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Table 1.7: Time required for the appearance of a precipitate, yield of formed precipitate,
quantity formed, specific surface area and pore volume of solid obtained after
calcination when FeSO4 and KMnO4 undergo a) direct exposure to the GP or b)

introduction of NaNO: (+HNOs) without plasma exposure

Time required for | Yield of Specific Pore
the formation of a formed surface area | volume
precipitate precipitate (m?/g) (cm’/g)
(min) (%)
a) FeSO4 +15 53+1 49 0.14
b) FeSO4
+ NaNO: +15 69 +2 54 0.15
(+HNO3)
a) KMnOs +5 18+1 ~0 /
b) KMnO4
+ NaNO: +5 7+1 =0 /
(+HNO3)

Regarding the diffractograms of the obtained solids, they exhibit identical
patterns irrespective of whether the precursor is exposed to the GP or if
NaNO, (+HNO3) is added to the solution. As observed before, in the case
of FeSOs, the resulting solid is identified as the FEOOH phase before
calcination and a mixture of Fe>O3; and FeOHSOj after calcination, while
for KMnOQy, the formed solid corresponds to the KMnQO, phase before and
after calcination (Figure 1.9, Figure 1.10).
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Figure 1.9: XRD data of solids obtained before calcination when FeSO4 and KMnO4
undergo direct exposure to the GP or introduction of NaNO: (+HNO3) without plasma
exposure
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Figure 1.10: XRD data of solids obtained after calcination when FeSO4 and KMnO4
undergo direct exposure to the GP or introduction of NaNO: (+HNO3) without plasma
exposure
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Regarding the composition of the solids, differences are noticeable both
in terms of surface and bulk compositions (Table 1.8). The solids resulting
from the introduction of NaNO, (+HNOs) into the precursors solution
exhibit higher content of Fe or Mn in their bulk but lesser at their surface.
Additionally, these solids possess higher content of S in both their bulk
and surface in the case of FeSO4, whereas those generated from KMnQO4
exhibit increased K content at the surface. Upon analyzing the phase
distribution in the solid created from FeSO4, we observe that a greater
proportion of FeOHSOy, is generated by adding NaNO; without plasma
(Table 1.8). These observations align with earlier hypotheses based on the
interaction between SO4* and OH. When the precursor is just exposed to
long-lived species, a precipitate with more FeOHSOy is likely to form,
mirroring our findings when a radical scavenger is introduced to the
system or when the precursor is added to glidarc pre-exposed water. In the
case of KMnOQys, the observed variations can potentially be attributed more
likely to the subsequent washing step rather than the plasma exposure
itself.
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Table 1.8: Bulk (EDX) and surface (XPS) composition and % of each phase developed (calculated from the at% of Fe and S obtained by EDX data) of solids
obtained after calcination when FeSO4 and KMnOs undergo a) direct exposure to the GP or b) introduction of NaNO: (+HNQO3) without plasma exposure

Fe or Mn o SorK % of each phase formed
(% at) (% at) (% at) (%)
XPS EDX XPS EDX* XPS EDX | FeOHSO4 Fe:03
(Fe2p or Mn2p) (O15s) (S2p or K2p) *ok
a) FeSOq4 343 19 62.3 73 3.5 2 11 89
b) FeSO4 + NaNO: (+HNO3) 27.9 24 66.2 72 59 4 17 83
a) KMnO4 28.5 22 62.0 72 9.5 6 / /
b) KMnO4 + NaNO2 (+HNO3) 23 26 65.6 68 11.5 6 / /
* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
** % of FeOHSO, formed = (W%w) * 100 where %Fe(frrom reonso,) = %0S(total) (Eq.1.7)
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Again, acknowledging the numerous similarities observed within the
generated solids, we can assert that the predominant initiators of the
precipitation from exposed precursors in the GP reactor are likely the
HNO,/NO;y species. As explained in the introduction, hypothetical
precipitation reactions of the precursors when exposed to the GP proposed
previously in the literature always involve the reaction of OH and NO
radicals with MnOy", Fe**, Sn?* or Ti*" precursors. However, now that we
have understood that HNO»/NO-" also contribute to the precipitation of
these species, it is possible to propose additional hypothetical precipitation
reactions involving MnOys, Fe?" precursors with HNO2/NOy species.
Actually, HNO, and NO; exhibit dual properties and can function either
as oxidants (Table 1.9) or reducers (Table 1.10) in diverse types of redox
couples [86]. In this first approach, as redox reactions are known to be
kinetically favoured when less electrons are involved, we focused on
reactions involving a single electron transfer for the redox couple where
HNO; or NOy™ species are involved (Eq.1.11, Eq.1.12, Eq.1.19, Eq.1.20).
Knowing this, it is possible to evaluate the ability of the precursors to
undergo a redox reaction by calculating the difference in standard
potential (AE®) and equilibrium constant (K) of the 2 couples reacting
together (Eq.1.21). By doing so, we observe that all the redox reactions
involving the HNO,/NO; species are indeed feasible, as AE°>0 and
K>10°. This indicates that these species can function as both oxidizing and
reducing agents for precursors exposed to the GP (Table 1.11). Out of
curiosity, we also considered the hypothetical reactions involving other
precursors (Sn** and Ti**) previously mentioned in the literature, when
exposed to the GP. By doing so, we also confirmed that the redox reaction
with HNO,/NO;" species are feasible, as AE°>0 and K>10° (Table 1.11).

K = exp (nFAE°)

— Eq.1.21

where F=96485 C ; R=8.314 J/mol ; T=298 K ; AE® = E°,,, — E°eq
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Table 1.9: redox couples where HNO: or NO> act as oxidants [86]

Oxidant Reducer E° Equation number
(V/ESH)
2NO; + 8H" + 6e~ Nz (g + 4H20 1.52 Eq.1.8
2HNO, + 6H* + 6e~ Nz ) + 4H20 1.45 Eq. 1.9
2NO; + 6H" + 4e~ N,04) + 3H,0 1.40 Eq. 1.10
NO; +2H* + e~ NO + H,0 1.20 Eq. 1.11
HNO, + H* + e~ NO) + H,0 1.00 Eq. 1.12
HNO, + 6H* + 6e~ NH3 o0y + 2H,0 0.76 Eq. 1.13
NO; +7H* + 6e~ NH3 ) +2H,0 0.79 Eq.1.14

Table 1.10: Redox couples where HNO: or NO>™ act as reducers [86]

Oxidant Reducer E° Equation number
(V/IESH)

NOj + 2H* + 2e~ NO; + H,0 0.86 Eq. 1.15
N304y + 2€7 2NO5 0.87 Eq. 1.16
NOj + 3H* + 2e~ HNO, + H,0 0.93 Eq. 1.17
N304y + 2HY + 2e” 2HNO, 1.07 Eq. 1.18
NOz(g) +e” NO; 0.90 Eq. 1.19
NOz(g) +HY+e” HNO, 1.09 Eq. 1.20
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Table 1.11: Redox reactions between HNO2/NO> species and precursors exposed to the GP

Reduction of the precursors
KMnOs4 [86]:
MnOy + 4H" + 3e~ = MnO0, + 2H,0
E°=1.692V
NO»/NO; (Eq. 1.19) MnO; +4H* + 3N0O; = MnO, + 2H,0 + 3NO, K =1x%10%
E°=09V AE°=0.79V
NO/HNO; (Eq. 1.20) MnO; + H* + 3HNO, = MnO, + 2H,0 + 3NO, K =3 %1030
E°=1.09V AE°=0.60V
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Oxidation of the precursors
FeS04.7H20 ; (NH4):Fe(SO4)2.6H20 [86]:
FeOOH + 3H* + e~ = Fe** + 2H,0
E°=0.77V
NO,/NO (Eq.1.11) Fe** + H,0 + NO; = FeOOH + H* + NO K =2%107
E°=12V AE° = 0.43V
HNO2/NO (Eq.1.12) Fe?* + H,0 + HNO, = FeOOH + 2H* + NO K = 8% 103
E°=1.00V AE° = 0.23V
SnSOs; SnCl, [86]:
Sno0, + 4H* + 2e™ = Sn?* + 2H,0
E°=-0.077V
NO,/NO (Eq.1.11) Sn?* + 2NO; = Sn0, + 2NO K =2 %10%3
E°=12V AE° =128V
HNO,/NO (Eq.1.12) Sn%* + 2HNO, = Sn0, + 2NO + 2H* K = 3 10%
E°=1.00V AE° =1.08V
TiCls [36]:
TiO, + 4H* + e~ 2 Ti3* + 2H,0
E°=—-0.666V
NO,/NO (Eq.1.11) Ti3* + H,0 + NO; = TiO, + 2H* + NO K = 4 %103
E°=12V AE° = 1.87
HNO2/NO (Eq.1.12) Ti3* + H,0 + HNO, = TiO, + 3H* + NO K =2 %1028
E°=1.00V AE® =1.67
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There is a growing interest in synthesizing catalysts through humid air GP,
as opposed to simply introducing HNO,»/NO;™ synthesized by alternative
methods into a metal salt solution. The most conventional approach to
nitrous acid synthesis involves the interaction of strong acids with nitrite
salt at very low temperatures. However, HNO, tends to undergo
decomposition into nitric acid and nitric oxide, displaying stability only in
diluted, cold aqueous solution and in the form of nitrite salt [33,87]. This
inherent instability poses challenges in practical applications. In contrast,
GP offers a more straightforward method for utilizing HNO>/NO;" as it is
directly produced from an abundant source, air, and is consumed in situ.
Furthermore, this approach addresses the instability issue associated with
this molecule, making the [33,87]humid air GP an attractive alternative
for synthesizing catalysts.

Nevertheless, since some differences in the composition of the resulting
solids appear when no short-lived species are present in the medium (vs
when they are obtained via the direct exposure procedure), it indicates that
HNO,/NO; is not the sole agent responsible for initiating the precipitation
of the precursors. Moreover, we can also note that the yield is diminished
for both precursors when solely NaNO: is introduced into the medium, as
opposed to when they are incorporated into pre-exposed water (Table 1.5,
Table 1.7). This suggests the involvement of other long-lived species in
initiating the precipitation reaction.

3.3. What is the impact of different types of plasma gases on the
precipitation of precursors exposed to the GP?

For each type of plasma gas tested, precipitation occurs for both FeSO4
and KMnOj precursors. Based on this information, we quantified the
amount of NO3 and NO;™ species eventually formed in water exposed to
these different plasma conditions to determine if HNO, and/or NOy
species might be present in the medium and initiate the precipitation. Our
findings indicate that both NOs and NO»" are indeed created in the medium
for each type of plasma gas (Figure 1.11). This might be due to the fact
that the plasma reactor used in this thesis is not airtight, allowing a small
amount of environmental gas to enter and create nitrous and nitric ions.

We observe that the amount of nitrogen-based species formed is smaller
for He, Ar and O which is expected as the source of nitrogen can only be
from the environmental gas. On the other hand, the amount of nitrogen-
based species is approximately the same for N», dry air and humid air, with
the highest amount observed for humid air. Referring to the equations
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proposed in General Introduction, section 3.3.1, we see that to form
HNO3/NOs™ and HNO»/NO;" species, we need OH, NO, O, NO, (derived
from NO and O), and water. From equation 1.4, we see that O comes from
O, molecules, OH from H,O, and NO from N; and O. Therefore, to create
HNO3/NOs™ and HNO»/NO>', oxygen, nitrogen, and water are required.
This explains why the highest amount of these species is created with
humid air, as the reactive species needed to form these species are directly
supplied by the plasma gas. With other gases, the source of air can come
from the environmental air, and it seems like this source of O; is sufficient
to create a high amount of nitrous and nitrate ions with the N, gas.
Furthermore, it is possible that the source of H,O comes from water below
the plume that evaporates during the discharge exposure [31,49].

Therefore, with these observations, it is possible that the HNO2/NOy
species formed under each synthesis condition are sufficient to trigger the
precipitation of both KMnO4 and FeSO4 exposed to the plasma gases.
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Figure 1.11: Concentration of NOz2™ and NOs in ultrapure water exposed to the GP with
different plasma gases for 1h

Since it is not possible to remove all nitrogen-based species under our
synthesis conditions, we wondered if it would be possible to correlate the
yield of the formed precipitate with the amount of NO,™ species created
(Figure 1.12, Figure 1.13). By plotting the amount of NO,™ generated with
different plasma gases and the yield of formed precipitate using KMnOj4
and FeSO; as precursors, we observe that, for nearly all the plasma gases
tested, the yield of the precipitate increases with the amount of NOy
present in the medium (He < Ar < N - dry air - humid air) (Figure 1.12,
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Figure 1.13). However, a different trend is observed with O,. In fact, when
using O, as the plasma gas, the yield of the formed precipitate for both
FeSO4 and KMnOy is higher than when humid air is used, even though
less NO;™ species are present in the medium. This suggests that O, as a
plasma gas may create new plasma species that more effectively promote
the precipitation of the precursor. Different other species might be created
when O, is used as plasma gas such as O; or H,O, [49]. We have
previously observed that H>O» is not created when humid air is used in GP
(Part I, Chapter 1, section 3.2.2). However, it is possible that H>O; is
formed when O is used as plasma gas, and this might explain the increase
yield of precipitate under this condition. To investigate this, we tested the
formation of H>O; by exposing 450 mL of 50 mL/L Ti(SO4). (15%
solution, Fisher) to the plasma for 45 min using O, as plasma gas. After
the exposure, the solution was analyzed directly using UV-visible
spectroscopy within the wavelength range of 300 to 600 nm, in the same
conditions as described in Part I, Chapter 1, section 3.2.2. Under these
conditions, the creation of the [Ti(O2)SO4]xH,O complex was never
observed, indicating that H,O, is not created and is therefore not
responsible for the observed increase in yield when using O, as plasma
gas. Concerning O3, we did not attempt to determine if this species might
be formed under these conditions, but it has been reported that O3 reacts
readily in water, typically producing OH radicals. [49]. Therefore, it is
unlikely that Os is the species responsible for the increased yield.

Nevertheless, the presence of O; still seems to produce other species that
increase the yield of formed precipitate. This observation aligns with the
fact that the yield is higher for both dry air and humid air than compared
to pure N3, even though the amount of NO»" species is approximately the
same. This indicates that introducing O, in the plasma gas generates other
species, in addition to nitrogen-based ones, that enhance the amount of
precipitate formed. This correlates with our previous conclusion that while
HNO»/NO; seems to be the main species responsible for the precipitation
in humid air GP, they are probably not the only species driving the
reaction.
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Figure 1.13: Concentration of NO> in ultrapure water exposed to the GP with different
plasma gases for 1h and yield of formed precipitate when FeSO4 undergoes exposure to
the GP for 1h with different plasma gases
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4. Conclusion

The purpose of the research conducted here was to progress in the
identification of the GP generated species that induce the precipitation of
(hydr)oxides in exposed metal salts precursors solutions. In existing
literature, only OH and NO radicals had been proposed as potential
oxidant and reducer plasma species, respectively, yet without
experimental proofs.

Our experiment involving the exposure of FeSO4 to GP in the presence of
an OH radical scavenger, revealed that its precipitation is not completely
blocked, indicating that OH radicals are not the sole agents responsible for
the oxidation reaction.

Our hypothesis that other species, specifically long-lived ones, might
trigger the precipitation of the precursors is confirmed as precursors
introduced into water pre-exposed to GP, precipitated. Precisely, it is
demonstrated that HNO»/NO, do initiate the precipitation. This
underscores the interest of GP as an alternative method for generating
these reactive species, utilizing only humid air as the chemical source.
Additionally, HNO, can be directly consumed in situ for catalysts
synthesis, removing the instability issue associated with this molecule.

Slight differences in the composition of the solids produced when
precipitation was triggered by the sole HNO,/NO, addition without
plasma exposure, vs when introduced into water pre-exposed to GP, vs
when the OH radicals were removed, allows concluding that HNO2/NO;
are not the only responsible for the precipitation of exposed precursors
solutions. Nevertheless, the similarities in the solids formed by solely
adding HNO»/NO>" to a precursor solution to the ones obtained by direct
plasma exposure, allows asserting that these species are the primary agents
responsible for (hydr)oxides catalysts formation through exposure to
humid air GP.

By exposing KMnO,4 and FeSOs to different types of plasma gases, we
observed that the amount of precipitate formed is not always correlated
with the amount of HNO»/NO>" species produced by the various gases. In
fact, since the yield of the formed precipitate is the highest for both
precursors when pure O; is used as the plasma gas, we conclude that
oxygen-based species might also influence the precipitation of the
precursor upon plasma exposure. This explains why the yield of the
formed precipitate is higher for both dry air and humid air than compared
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to pure Ny, even though the amount of NO;™ species is approximately the
same.

In fact, in complex system like plasma, where a variety of reactive species
are generated, and where complex reactions and mechanisms take place,
such as redox processes and precipitation involving nucleation and
growth, it is unlikely that a single species alone drives the reaction. This
highlights the complexity of GP synthesis compared to simply introducing
a single chemical reagent. Such complexity may give rise to unique
properties that would not be achievable if a conventional chemical reagent
was used as the sole agent to trigger the precipitation of the metal
precursor salt. Therefore, this underscores the unique value of the GP
catalyst synthesis approach compared to other methods.
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Chapter 2 - Towards the understanding of
parameters allowing to anticipate the
precipitation reaction of metallic precursors in
humid air gliding arc plasma reactor

0y Ny, H,0

Some precursors do not precipitate:
MnCl, AgNO;, FeCl;, RhCl;,

Some precursors precipitate:
TiCly; (NH,):Fe(SO,), ; KMnO, ;

SnCly 3 Mn(CH,COQ), ; SnS0, ; FeSO, Short-lived species ’ Bi{NO3 ). NH VO, ..
: HAuCl, ; KRuO,
HNONO,
Ti0, ; FeO, : MnO, ; 3n0; : Au ; RuO, Metal precursor solution X

| What are the factors that influence the ablllt_v of the precursor to react with plasma species ? |

pH Standard Precursor Solubility O
potential naturc
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Abstract

The humid air gliding arc plasma (GP) has demonstrated its capability to
synthesize catalysts (metal (hydr)oxides and supported catalysts) with
intriguing properties and significant catalytic activity while employing
interesting synthesis conditions compared to conventional catalyst synthesis.
However, previous studies exposed various precursors to the plasma without
prior knowledge of their reactivity through GP. The objective of this chapter
is to investigate the parameters influencing precursor reactivity and
precipitation under humid air GP, by identifying commonalities between
reactive and non-reactive precursors. Several factors were identified as
predominant: the solubility of the precursor and precipitate, the acidification
of the medium along exposure, the redox potential of reactions between the
precursor and HNO»/NO; species plasma-generated, and the metal precursor
nature. These identified factors have enabled us to create a dichotomous key
that can be used for any type of precursors, allowing to anticipate their
potential precipitation when exposed to the GP. By utilizing this key, we have
identified two new precursors that react, forming new types of solids never
synthesized before by GP: Au and Ru-based solids. This demonstrates that GP
may be a promising method for developing new types of catalysts, such as
metal-supported catalysts, but also indicates that a limited number of
precursors may react, at least without changing the conventional synthesis
parameters. Therefore, this chapter highlights both the possibilities and
limitations of GP catalyst synthesis.

The results presented in this chapter have been published in:

Fanny Hanon, Michel Devillers, Eric M. Gaigneaux, Towards
the Understanding of Parameters Allowing to Anticipate the @ @
Precipitation Reaction of Metallic Precursors in Humid Air

1
Gliding Arc Plasma Reactor, Plasma Chemistry and Plasma | =
Processing, 2024
https://doi.org/10.1007/s11090-024-10516-1 @ _._:'
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1. Introduction

As mentioned in the introduction, the humid air GP reactor’s acidifying,
oxidizing, and reducing capabilities make it highly interesting for a wide
variety of applications, including the synthesis of catalysts such as metal
(hydr)oxides (TiO,, FeOOH/FeOx, MnO,, SnO,, WOs3) and supported
catalysts (FeOx/Kaolinite, TiO,/SnO,) with good properties and interesting
catalytic activity when used for pollutant degradation in both gaseous and
liquid phases (Table 1.3) [42,56,57,59—61,64]. However, despite the utilization
of various types of precursors in previous literature, which have demonstrated
the efficacy in precipitating oxides or hydroxides, we still lack understanding
regarding why these precursors precipitate. It remains uncertain indeed
whether every type of metal precursor is capable of reacting and forming a
precipitate via GP. Until now, we have simply exposed precursors to the
plasma without prior knowledge of whether they were the right choice.
Consequently, we are unable to explain why certain precursors react while
others do not. This lack of understanding makes it challenging to ascertain the
potential versatility of the method in synthesizing various types of catalysts.

Therefore, the objective of this chapter is to investigate the parameters
influencing the ability of certain precursors to react via humid air GP, forming
a precipitate. The aim is to enhance our understanding of the method,
ultimately enabling the synthesis of a broader range of catalysts. This, in turn,
could enhance the interest of GP as an innovative method for catalysts
synthesis.

To fulfil this objective, the strategy was to identify commonalities between
precursors that do form a precipitate via GP and those that do not react. To
achieve this, several precursors were tested to establish a pool of both reactive
and non-reactive precursors.

To determine the factors dictating the ability of the precursors to react, the
strategy was to draw inspiration from the factors that affect the classical
synthesis of catalysts by precipitation, which shares many similarities with
synthesis via GP exposure. Furthermore, it involved revisiting the basics of
chemistry and conducting calculations to theoretically rationalize the
reactions upon plasma exposure. Additionally, insights from previous results
in Chapter 1 were valuable as it was found that among the plasma species
created, the long-lived species, especially HNO2/NO;", predominantly impact
the oxidoreduction of the precursors [88].
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Several factors were identified as predominant, including medium pH, redox
potential of reactions between the precursor and HNO,/NO;" species plasma-
generated, precipitate solubility and of course the nature of the metal
precursor.

2. Materials and methods
2.1. Materials

AI(NO3)3.9H20 (= 95%), AICl3 (99%), HAuCl4.3H,0 (99%), K.CrO7 (>
99%), Fe(NO3)3.9H,0 (= 98%), FeCl3.6H,O (= 99%), FeSO4.7H,0 (= 99%),
Mn(CH;CO0)3.2H,0 (97%), Mn(CH3COO0),.3H0  (99.99%), NaMnO4
(solution 40% wt in H>0), MnSO4+.H>O (= 99%), Na;M004.2H>0 (= 99%),
Ni(NO3)2.6H20 (= 97%), Ni(CH3COO0),.4H>0 (98%), SnSO4 (= 95%), SnCl,
(299%), TiCls (solution 10-15% in HCI) were purchased from Sigma Aldrich.
Bi(NO3)3.5H>0 (= 98%), Co(NO3)2.6H,0 (= 98%), (NH4),Fe(SO4)2.6H,0 (>
99%), KMnOs4 (= 99%), Mn(NO3):.4H,O (= 98%), MnCl. (97%),
Na,W04.2H>0 (= 99%) were obtained from Roth.

AgNOs3 (99.9%), AgCH3;COO (99%), Fe(CH3COO), (95%), MnCl, (97%),
(NH4)2PtCls (99.99%), Ti(SO4)2 (15% (w/v) solution in diluted sulfuric acid),
KRuO4 (97%) were obtained from Thermo Scientific.

All the solutions were prepared with demineralized water as solvent.
2.2. Methods
2.2.1. Synthesis device: the GP reactor

The gliding arc plasma system used in this study is the same as the one
presented in Experimental, section 1.

2.2.2. Precursors exposure and solid recovery

Various metal precursors were exposed to the GP to establish a pool of both
reactive and non-reactive precursors (Table 2.1).

The precursor solutions were prepared by dissolving these compounds in
deionized water to obtain a certain concentration of metal (Table 2.1).
Subsequently, 450 mL of the respective solutions were introduced into the
reactor, stirred magnetically (1 rotation/s), and exposed to the plasma
discharge for maximum 2h. If no solid formed within this time frame, we
assumed that the precursors did not react to form a precipitate via GP.
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The pH of the precursor solution was measured using a pH meter before and
after exposure to the plasma.

Table 2.1: Type and concentrations of precursors exposed to the GP

Concentration Metal Precursor
(mol/L)
10_3 Au, Ru, Bi, HAuCl4.3H20, KRuO4, Bi(NO3)3.5H20,
Pt (NH4)2P1:C14

AgNO3, AgCHg.COO, KzCI’zO7,
CO(NO3)2.6H20, Fe(N03)3.9H20 5 FeC13.6H20,
Ag, Cr, Co, FeSO4.7H>0, Fe(CH3COO),,

102 Fe, Mn, Mo, (NH4)2Fe(S0O4)2.6H,0, Mn(NO3),.4H,0,
Ni, Sn, Ti, W | MnCl,, MnSO4.H,0, Mn(CH3C00);.2H,0,
MH(CH3COO)2.3H20, KMnOQO4, NaMnOs,
Ni(NO3),.6H,0, Ni(CH;CO0),.4H,0, SnCla,
SnSO4, Ti(SO4)2, NazWO4. 2H20

2%107 Al AI(NO:3)3.9H,0, AICl;
3%1072 Mo NaxMo004.2H,0
2 Ti TiCl;

If a solid precipitate was obtained after exposure to the plasma discharge, it
was recovered by centrifugation (24490 G, 30 min) and subjected to two
washing cycles with distilled water. The solids obtained after centrifugation
were subsequently dried in an oven under air at 110°C for 22h + 2h.

2.3. Characterization of the solids formed: X-Ray Diffraction (XRD)

XRD is the only instrumental characterization used here. It was done after
drying of the solids formed. It was performed as presented in Experimental,
section 2.

3. Results and discussion
3.1. Factors influencing the ability of a precursor to react

As previously explained, the GP catalysts synthesis shares many similarities
with the classical synthesis involving a precipitation process. Therefore, it was
anticipated that similar factors influencing the precipitation method would
also be important in our case. Among these factors, the pH of the medium, the
nature of the precursor used, and the solubility of the precipitate will be
discussed. However, one specific factor arises from the plasma species,
namely HNO; and NOy, generated from the humid air GP and which trigger
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the redox reaction of precursor exposed to the medium. This factor might be
rationalized from the potential of the redox couple involved in the reaction.

3.1.1. pH of the medium

As suggested in previous literature, acidic species such as HNO3; and HNO,
are among those created by the plasma [33,48,88]. These species decrease the
pH of the solution during the exposure, reaching a pH around 3, if only
distilled water is exposed. The pH stabilizes around this value due to the
buffering effect of the HNO»/NO; couple (pKa=3.3) [89]. In fact, as shown
in Table 2.2, the final pH of the exposed precursor solution often stabilizes
around this value, except when the metal precursor can act as a secondary
buffer, as observed with acetate precursors. However, not all types of solids
form under such acidic conditions. Therefore, we suggest that the first factor
influencing the ability of a precipitate to form under GP is this acidification of
the medium during the exposure.
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Table 2.2: Precursors exposed to the GP, solution’s pH before and after exposure, and type of solid that can be formed in water with the pH range of their

existence
Metal Precursor Initial Precipitate ? Final Precipitate that can be formed in
pH pH water [86]
Type pH range
Ag AgNO; 5 No 3 Ag [0-14]
AgCH;COO 6.4 No 5.2 Ag0 [8-14]
Al Al(NO3)3.9H20 35 No 2 ALO; [2.5_12.5]
AlCl; 3.6 No 32
Bi Bi(NO3)3.5H,0 2 No 2.4 Bi20; [4.5-14]
Bi [0-14]
Co(OH); [5-14]
Co Co(NO3)2.6H,0 2.5 No 2 Co(OH): [7-14]
Co [5-14]
Cr K2Cr207 43 No 2.9 Cr03 [3.5-14]
Fe(NO3)3.9H,0 2.5 No 23
I e
- : ’ Fes04 [7-14]
FeS04.7H,0O 4.1 Yes (FeOOH)* 3
(NHa4)2Fe(SO4),.6H,0O 3 Yes (FeOOH)* [61] 3
Mn(NO3),.4H,0 4.1 No 3.1 MnO, [0-14]
MnCl, 4.9 No 32 Mn,O; [4.5-14]
MnS0O4.H,O 54 No 33 Mn;304 [7-14]
Mn Mn(CH3COO0);.2H,0 5 Yes (MnO(OH), MnO»)* [59] 4.8 Mn(OH), [8.5-14]
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Mn(CH3C0O0),.3H,0 6.1 No 5.4
KMnQO4 6.9 Yes: (KMnOy)** [59] 3.2
NaMnOQOg4 6.8 Yes: (MnQO,)* 3.2
Mo NazMoOy 6.7 No 5.4 MoO; [0-1.5]
MoO> [3-8.5]
Ni(NO3)2.6H,0 5.2 No 3.2 NizO4 [4.5-14]
Ni ) Ni(OH), [7-14]
Ni(CH A4H N .
1(CH3C00),.4H,0 6 0 5.7 Ni (5.5-14]
PtO,
Pt (NH4)2PtCly4 6.2 No 2.7 Pt(OH), [0-14]
Pt
Sn SnCl, 5 Yes (Sn0-)* [56] 1.9 $nO, [0-14]
SnSO4 2.6 Yes (SnOy)* 2.1
Ti T1($O4)2 1.7 NO 1.6 TiO, [0-14]
TiCl; Yes (T10,) [60] 1.8
W Na;WOs. 2H,0 6.7 No 6.2 WO; [0-6]

* The diffractograms of the formed solids, which enable us to identify the developed phases, are presented in Figure 2.1, Figure 2.2, and Figure
2.3

** The KMnQ, phase is actually a polymorph of MnO: (birnessite) that is a non-stoichiometric oxide. In this structure, K* ions are inserted
into the channel of the materials, and some Mn?*" ions are either missing, or replaced by Mn>" ions [24].
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A FeOOH Goethite (PDF 81-0464)|

(NH,),Fe(S0O,),

FeSO,
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Figure 2.1: XRD data of solids formed in the case of FeSOq4 and (NH4)2Fe(SO4)2 exposed to
GP

® SN0, Cassiterite (PDF 70-4177)| Snso, and SnCl,
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Figure 2.2: XRD data of solids formed in the case of SnSO4 and SnCl: exposed to GP
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A MnO, Pyrolusite polmyorphs (PDF 12-0141 and PDF 12-0715)
X MnO(OH) Manganite (PDF 41-1379)
* KMnO, (PDF 18-1035)
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Figure 2.3: XRD data of solids formed in the case of Mn(CH3C0OO)3, KMnO4 and NaMnO4
exposed to GP

To investigate this hypothesis, the Pourbaix diagrams of the various metals
tested by GP are of primary interest (Figure 2.4 as example, Supplementary
information SI.4 for other metals) [86]. In these diagrams, the x-axis
represents the pH of the medium, while the y-axis represents the voltage
potential with respect to the standard hydrogen electrode. Furthermore, it
should be noted that the dashed “a” and “b” lines in this diagram refer to the
thermodynamic limitations corresponding to the redox behaviour of water
itself, which is here the solvent. From a thermodynamic point of view, only
species comprised between these lines should therefore exist in water.
However, kinetic limitations could allow for the stabilization of metastable
species under certain conditions [86].

98



Chapter 2 — Understanding the parameters involved in the precipitation

20 1zoeseroonnrBUBE
EW,| 12
B I
NN -
12
I
08
106
0,4
0.2
0
-02
04
-06
-08
| »
_1'2:@}_, E HMn0; |12
]
1,4/ ' @ 1-14
1,6 Mn ~={_|-16
18 — — . -18

L i 1 1 i 1 L i - 1 1 L0
-2 -1 0 1 2 3 4 5§ 6 7 8 9 10 1 12 13 14 ISHHIB !
Figure 2.4: Pourbaix diagram of Mn-water at 25°C (considering -MnO: (pyrolusite)) [86]

To simplify the interpretation of these diagrams and understand the types of
precipitates that can potentially form, we have compiled in Table 2.2 the solids
that can form in water for all the metal tested, along with the approximate pH
range where they can be created. To determine this range, we used the “-2”
line on the Pourbaix diagram as a limit, as it represents the equilibrium
between solid and soluble substances when the concentration of the dissolved
substance is 10 mol/L, corresponding to the quantity of metal ions in our
solution due to the initial concentration of precursors we chose (Figure 2.4,
Supplementary Information SI.4) [86]. By comparing this range to the final
pH of the exposed solution, we observe that some precipitates cannot form at
such pH which explains why they are not formed (marked in black in Table
2.2). Furthermore, it is worth noting that all the precursors reacting via GP
have a final pH within the range of the corresponding solid formed (marked
in green in Table 2.2). This indicates that the pH of the medium is an important
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factor in determining whether a precursor can react via GP to form a
precipitate.

However, we also observed that some precursors can normally form certain
solids at the final pH of the solution after exposure but still do not produce
any precipitate (marked in red in Table 2.2). This suggests that other factors
need to be considered.

3.1.2. Potential of the redox reaction

The second important factor can be illustrated using the Mn precursors as an
example. While Mn(IlI) and Mn(VII) precursors react by plasma to form
MnO,, Mn(II) does not. This underlines the significance of another important
factor: the oxidation state, or more precisely, the potential of the redox couple
in which the metallic ion is involved (M""/precipitate).

As mentioned in the introduction, we previously discovered that the long-lived
species, especially HNO, and/or NO,, are the main species initiating the
precipitation process of precursors exposed to the GP [88]. These species have
the ability to undergo redox reactions with the precursor, that could induce
precipitation. Actually, HNO, and NO,  exhibit dual properties and can
function either as oxidants or reducers in diverse types of redox couples [86].
In this first approach, as redox reactions are known to be kinetically favoured
when less electrons are involved, we focused on reactions involving a single
electron transfer for the redox couple where HNO, or NO species are
involved (Table 2.3) [90]. Knowing this, it is possible to evaluate their ability
to undergo a redox reaction by calculating the difference in standard potential
(AE®) and equilibrium constant (K) of the 2 couples reacting together (Eq.2.1).
In the Part I, Chapter 1, section 2.2.3, we already performed this analysis for
all the precursors known to undergo a redox reaction by GP (Fe**, MnOy’, Sn**
and Ti*"), demonstrating that the redox reaction followed by the precipitation
process of precursors triggered by the HNO. or NO; species is indeed
theoretically feasible, as AE® > 0 and K > 10° (Eq.2.1, Table 1.11) [88].

) (Eq.2.1)

K= exp( RT
where F=96485 C ; R=8.314 J/mol ; T=298 K ; AE° = E°,,, — E®preq

However, previous calculations were made considering the E°, the standard
equilibrium potential of the reaction at 25°C. This value does not account for
the actual concentration of ionic species or the pH of the medium. The real E
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in our medium for a couple "aA+ mH* + ne” = bB + cH,0" can be
calculated using the equation 2.2 [86]:

E g4 2009 g (L) 0059(m) H (Eq.2.2)
= —log AL . —)p q.2.

Given that we know the pH of the medium after exposure of each precursor
and the concentration used for each, it is possible to calculate the actual E for

all the redox couples considered. However, since the exact concentration of
HNO, and NO;",as well as the partial pressures of the gaseous species in our
medium are unknown, calculating the actual E for their redox couple is
challenging. Therefore, we will use the standard electrode potential (E°) for
these species instead. Consequently, AE for each redox reaction was calculated
based on these E and E° values (Table 2.4, Table 2.5).

By considering the correct E value for the precursors reacting through GP
(marked in green in the Table 2.2), calculated from the final pH obtained after
exposure (Table 2.2) and the initial concentration of the precursor (Table 2.1),
we still obtain AE>0 corresponding to a negative free enthalpy change AG,
indicating that they can indeed theoretically react with HNO, or NO,™ species
(Table 2.4).
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Table 2.3: Redox couples where HNO: or NO>™ act as oxidants and reducers with only 1 electron involved [86]

When HNOz or NO2  act as | When HNOz or NO:z™ act as E° Equation

oxidant reducer (V/NHE) number

Oxidant NO; +2H* + e~ NOg) + H,0 1.2 Eq.1.11
HNO, + H* + e~ NO) + H,0 1.00 Eq.1.12

Reducer NOz(g) +e” NO; 0.90 Eq.1.19
NOZ(g) +H*+e” HNO, 1.09 Eq.1.20

Table 2.4: Redox reactions between HNO: or NO> species and precursors exposed to the GP that give a precipitate [88]

Reduction of the precursors

KMnOs ;: NaMnQa [86]:
MnOy; + 4H" + 3e~ = MnO0, + 2H,0
E=1.692—0.0788pH + 0.0197log(Cyno;) = 1.41V

NOR e L) MnO; + 4H* + 3NO; = Mn0, + 2H,0 + 3NO, AE =051V
NOZg?‘I_Oi(fgq'\;'zo) MnO; + H* + 3HNO, = Mn0, + 2H,0 + 3NO, AE =032V
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Oxidation of the precursor

FeS04.7H20 ; (NH4):Fe(SO4)2.6H20 [86]:
FeOOH + 3H" + e~ = Fe** + 2H,0
E=0.77 - 0.1773pH — 0.0591log(Cp,2+) = 0.36 V

NO,/NO (Eq.1.11)

Fe?* + H,0 + NO; = FeOOH + H* + NO AE =084V
E°=12V
HNO:/NO (Eq.1.12) Fe?* + H,0 + HNO, = FeOOH + 2H* + NO AE = 0.64V
E°=1.00V
SnSO4; SnCl [86];
Sn0, + 4H* + 2e” = Sn** + 2H,0
E =-0.077 — 0.1182pH — 0.0295log(Cs,2+) = —0.26 V
NO2/NO (Eq.1.11) Sn?* + 2NO; = Sn0, + 2NO AE =146V
E°=12V
HNO2/NO (Eq.1.12) Sn2* 4+ 2HNO, = Sn0, + 2NO + 2H* AE =1.26V
E°=1.00V
TiCl: [86]:
TiO, + 4H" + e~ = Ti3* + 2H,0
E =—0.666 — 0.2364pH — 0.0591log(Cy3+) = —1.11V
NO2/NO (Eq.1.11) Ti3* + H,0 + NO; = TiO, + 2H* + NO AE =231V
E°=12V
HN(;/TC;(;?'\II'U) Ti%* + H,0 + HNO, = TiO, + 3H* + NO AE =211V
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Therefore, it may be possible to theoretically explain, with the same
calculations, why all the other precursors, which are normally capable of
forming a solid with a different oxidation state (OS) under the final pH
obtained after exposure, do not seem to react by GP (marked in red in the Table
2.2). By doing this, we observe that in all cases, the redox reaction of these
precursors with HNO, or NO, species yields AE < 0 (Table 2.5).
Consequently, it is evident that these reactions cannot occur. This implies that
the reason why these precursors do not yield to a solid after exposure to the
GP is because they cannot undergo a redox reaction with the HNO; or NO»’
species, which have been identified as the primary active species in the
observed redox reactions [88].
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Table 2.5: Redox reactions between HNO: or NO> species and precursors exposed to the GP that do not give a precipitate

Reduction of the precursors

AgNO; ; AgCH:COO [86]:
Agt +e =Ag
Eo = 0.799 +0.0591l0g (C(4,+)) = 0.68V

NO/NOy (Egq. 1.19) Ag* +NO; = Ag + N0, AE =-022V
E°=09V
NO/HNO: (Eq. 1.20) Ag* +HNO, = Ag+ NO, + H* AE = —0.41V
E° =109V
Bi(NO:); [86]:

Bi** +3e” = Bi
Ey =0.215+0.0197log(Cp;3+) = 0.16 V

NO:/NO> (Eq. 1.19) Bi** + 3NO; = Bi + 3NO, AE = —0.74V
E°=09V
Nozg?\l_oi(f;l'vl'zo) Bi3* + 3HNO, = Bi + 3NO, + 3H* AE = —093V
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Na:MoOs4 [86]:
Mo0%™ + 4H* + 2e™ = M0, + 2H,0
E = 0.606 — 0.1182pH + 0.0295l0g (C,y,03-) = =0.09V

Nozgo_z'éEgl'vl'm) MoO2~ + 4H* + 2NO; = Mo0, + 2H,0 + 2NO, AE = —0.99V
NO2/HNO: (Eq. 1.20) MoOZ~ + 2H* 4+ 2HNO, = MoO, + 2H,0 + 2NO, AE = —-1.18V
E°=1.09V
Ni(CH3COO), [86];

Ni%* +2e~ > Ni
Eq = —0.250 + 0.0295log(Cy;2+) = —0.31V

NO»/NO; (Eq. 1.19) Ni?* + 2N0; — Ni + 2NO, AE = 121V
E°=09V
NOZ?‘I_Oi(OE;PVI‘zO) Ni* + 2HNO, - Ni + 2NO, + 2H* AE = —14V

Oxidation of the precursor

Ni(CH3C00), [86]:
Ni;0, + 8H" + 2e~ = 3Ni** + 4H,0
Eq =1.977 — 0.2364pH — 0.0886log(Cy;2+) = 1.40V

NOZ;SI(_) iEZq'\ll'”) 3Ni2* + 2H,0 + 2NO; = Ni50, + 4H* + 2NO AE = —02V
HN(;/TOl((‘)E(?'\II'u) 3Ni?* + 2H,0 + 2HNO, = Nis0, + 6H* + 2NO AE = —04V
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However, it is important to note that by calculating the AE using the E° of the
redox couple involving HNO; and NO»" species rather than the actual E under
our specific conditions, we may have overlooked crucial information. As
previous mentioned, determining the precise E requires knowledge of the
exact conditions of our medium, which we currently lack. Nonetheless, out of
curiosity, we attempted to calculate the AE using the approximate conditions
available to us. Specifically, we considered the medium’s pH after exposure
for each precursor, the concentration of HNO, and NO,™ determined in Chapter
1, section 3.2.2, and assumed a partial pressure of the gaseous species to be 1
(acknowledging that this assumption is not realistic). This recalculation aimed
to include as many known factors as possible to verify that no significant
information was missed (Supplementary information SI.5). This approach
yielded the same conclusions as those previously found, indicating that
additional parameters do not alter the outcome. Nevertheless, it is worth
noting that in the future, if more accurate measurements of the concentrations
and partial pressure of the species created by GP become available, it may be
possible to incorporate all the corresponding values in a more detailed analysis
of the redox reactions considered.

3.1.3. Nature of the precursor:

Another aspect that we did not previously consider is the chemical speciation
of the components present in the medium. In fact, some precursors introduce
other types of species that can impact the reactions occurring in the medium.
In our earlier discussions, we only considered that the precursors dissolved to
yield aqua ions when reacting with water molecules ([M(OH2)n]*", here noted
as M*"). However, some precursors are made of complex ions involving
coordinating species like Cl- and NHj3, and appear as such upon dissolution.

That is indeed what happens with (NH4),PtCls. Upon dissolution, [PtCls]*
ions are present, as a result of the dissociation of the precursor [91]. To
understand the influence of these complexes, we have to examine the Pourbaix
diagram of Pt, both without and with the presence of Cl ions, as shown in
Figure 2.5 [92]. We observe that when Pt** is present as a complex [PtCls]*,
its stability range is extended to a higher pH value (up to around 6). This
diagram also shows that for CI-Pt complexes, at the pH obtained after the
exposure of the Pt precursor (2.7), PtO, can no longer be formed, and Pt is the
only solid that can precipitate at this pH. This highlights the importance of
considering the ions actually present in the solution after the dissolution of the
precursor, and of taking into account, when necessary, the possible reactions
these ions could undergo in solution.
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Figure 2.5: Pourbaix diagram of (a) Pt-water at 25°C

[86] ; (b) Pt-water containing 0.5M of

HCl at 25°C [92]

Knowing this, it is possible to calculate AE for the redox reaction of [PtCls]*
with HNO; or NO; to eventually form Pt (Table 2.6), calculated from the final
pH obtained after GP exposure (Table 2.2) and the initial concentration of the
precursor (Table 2.1). To do so, we need to consider the potential of the couple
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ML,/M (Eq.2.6) that can be calculated thanks to the formation constant (Kj)
of the ML, complex (Eq.2.3) and the potential of the redox couple that does
not imply the ligand, M™"M (Eq.2.4).

For a neutral L ligand, the corresponding equations are:

[[m2,]""]

z+ N z+ i —
M +yL = [ML,|" withK; = TGl

(Eq.2.3)

M** +ne” @ M withE ypz+\ = E° pyz+ —Eln<;) (Eq.2.4)
(%) () nF oM

[MLy]ZJr +ne"=M+yL

with E [ML ]z+ = E° ML —ﬂln Lyz_'_ (Eq.2.5)
(L) () P [l 7]
&
E<%> — E° ey - () (k) (Eq.2.6)

Table 2.6: Redox reactions between HNO: or NO> species and (NH4)2PtCly

(NH4):PtCl4 [91]:
Where K = 1016 E°, 2+ = 1.2V
Pt

[PtCL )% +2e~ = Pt + 4Cl”

E°=0.73 + 0.0295log (C[L"”ZQ =0.924V
(Cierry)

NOz/NOz’ AE =

(Eq. 1.19) [PtCL,]?>~ + 2NO; = Pt +2NO, + 4Cl~ 0.02V
E°C=09V

NO,/HNO; AE =

(Eq. 1.20) | [PtCl,)*>” + 2HNO, = Pt + 2NO, + 2H* + 4Cl~ 017V
E°=1.09V

We can therefore see that considering the actual ions present in solution upon
dissolution of the precursor is important to anticipate its potential reaction
with plasma species and, consequently, its possible precipitation. In the case
of the (NH4),PtCl4 precursor, precipitation is not possible because the AE for
the redox reaction of [PtCl4]* with HNO, or NO» is either very close to 0 or
less than 0.

109



Chapter 2 — Understanding the parameters involved in the precipitation

3.1.4. Solubility of the precipitate:

In addition to the precursors mentioned above, there are other precursors that
did not precipitate and were not previously discussed. These include
compounds that do not require a change of oxidation state (OS) to form the
corresponding solid (AI**, Fe**, Ti*") (Table 2.2). For these precursors, a redox
reaction is not the phenomenon required to initiate the precipitation. Instead,
the formation of the precipitate depends solely on the concentration of ions
present in the solution that participate in the formation of the solid. It is
governed by the solubility of the precipitate that can be formed.

In fact, a solid in solution exists in a chemical state known as solubility
equilibrium. Each solubility equilibrium is defined by a temperature-
dependent equilibrium constant (Ks). In a dynamic equilibrium as such, certain
individual molecules migrate between the solid and solution phases at equal
rates of dissolution and precipitation. When equilibrium is reached and the
solid has not been completely dissolved, the solution is considered saturated.
The concentration of a solute in saturated solution is known as the solubility
(s), which is temperature dependent. A solution containing a higher
concentration of solute than the solubility is said to be supersaturated, and it
is under these conditions that a precipitate can form [93]. This occurs when
the so-called solubility quotient (Qs) (that has the same expression as K but
with the concentrations at a specific point in time) is higher than the solubility
constant K [94].

When the precipitate is a hydroxide of a metal ion (which can later be
transformed into an oxide either through thermal treatment or spontaneously
if the hydroxide form is unstable), K, is usually defined as follows [91]:

M(OH)p ) = Mgy + nOH g (Eq.2.7)
Ky = [M™*][0H7]" (Eq.2.8)

To determine whether a hydroxide can form in our plasma-exposed solution,
we need to have Qs> K, which is thus function of the amount of metallic ion
M"" and OH present in the medium. By considering this, we can calculate the
Qs of the precursors mentioned above since we know the concentration of M™
introduced into the solution (from the initial concentration of the precursor
(Table 2.1)) and the concentration of OH™ determined from the final pH
measurement (Table 2.2, Eq.2.9) (Table 2.7) [91]. By doing that, we observe
that, for all of these precursors, Qs < K, which is coherent with the fact that
no precipitate was observed.
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pOH = 14 —pH and pOH = —log[OH™] (Eq.2.9)

Table 2.7: Initial concentration, final pH after plasma exposure, precipitate that is supposed
to form, Ks and Qs of precursors that do not necessitate a change of OS to form a precipitate
in the final pH range obtained after plasma-exposure

Metal | Precursor Ci Final | Precipitate that Ks Qs
(mol/L) pH can be formed [86]
[86]

Al AlICl; 2%1072 32 Al(OH)3/ALLO3 10734 | 10735
-37. —-38

Fe | FSMNO: |50 | 23 | poomype0, | (1075 |10
FeCl3 24 107%2] | 10737
. . 5 . . [10740; _&2

Ti Ti(SO4)2 10 1.6 Ti(OH)4/TiO, 10-49] 10

The solubility constant explains why these precursors did not form a
precipitate by exposure to the GP. Indeed, the initial concentration of the
precursor used, and therefore of the metallic ions, was not high enough to fulfil
the condition Q> K, and initiate precipitation. To confirm this, we attempted
to expose a precursor containing Fe** and AI** ions at a higher concentration
(0.03 mol/L) to the plasma, ensuring Qs > Ks. Under these conditions, a
precipitate formed. However, it is worth noting that precursors that do not
require a change in OS to form the corresponding hydroxide do not necessitate
plasma to precipitate. On the contrary, since hydroxides are the primary
species involved in the precipitation, exposing the precursor to plasma, which
generates H' species, tends to prevent the precipitation. Indeed, when we
compared the precipitate formed from the Fe(NOs3)3 precursor with or without
exposure to the plasma, we obtained the same solid, confirming the lack of
interest of plasma for these types of precursors (Figure 2.6) (NB: To see the
formation of a precipitate from a precursor containing Fe*" ion at higher
concentration, heating the solution was necessary either after plasma exposure
for the GP synthesis or during the stirring for the non-GP synthesis).

111



Chapter 2 — Understanding the parameters involved in the precipitation
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Figure 2.6: XRD data of solids formed after calcination, in the case of Fe(NO3)s (0.03 mol/L)
exposed to the GP or not

This reveals another important parameter to consider before exposing any type
of precursor, namely that the initial precursor concentration is high enough to
allow the formation of a precipitate provided that a redox reaction can occur.
Indeed, if we calculate the Qs for all precursors that react by plasma (if
possible), we observe that in every case, Qs> K, (Table 2.8), in line with the
formation of precipitates following the redox reaction in all these cases.

Table 2.8: Initial concentration, final pH after plasma exposure, precipitate that is supposed
to form, Ks and Qs of precursors reacting by GP to form a precipitate

Metal Precursor Ci Final Precipitate Ks Qs
(mol/L) pH [86,95]

Fe FeSO4 3 Fe(OH)3/Fe203 | [10737; | 10735
(NH4)2Fe(S04)2 3 107%2] 10735
Mn(CH3COO)s3 4.8

Mn KMnO4 B 32 MnO> Insoluble
NaMnOg4 10 32
SnClz 1.6 [10758; | 10752
Sn 5250 Sn(OH)4/SnO2 107541 10-50
Ti TiCl3 3.7 TiO2 Insoluble
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In conclusion to this part, the solubility of the precipitate formed is not a
determining factor in whether a precursor will react by GP. However, it is
important to consider this aspect to be able to observe the precipitate resulting
from the redox reaction of the precursors with the plasma species. Therefore,
solubility should be considered, as is the case for any usual precipitation
process, after confirming that a precursor is expected to react by GP, before
exposing it to the GP reactor.

This section also highlights an important issue in the GP catalysts synthesis.
Most precipitates initially form as hydroxides before converting to oxides.
Consequently, the concentration of OH" ions is critical to determine their
ability to precipitate. However, as mostly acidic species are generated in the
medium during GP exposure, the concentration of OH" decreases over time,
which in turn affects the ability of the precursor to precipitate.

3.1.5. Interest of the plasma for precursors that spontaneously form a
precipitate in water

It also worth noting that some precursors forming a precipitate after GP
exposure, tend to also undergo oxidation or reduction spontaneously in water.
As previously discussed in section 3.1.1., species located outside the zone
between the lines “a” and “b” on the Pourbaix diagram are not stable in water
and tend to spontaneously transform into more stable ones found within this
zone [86]. However, MnOy4, Sn** and Ti*" precursors are all present outside
this area, indicating that they tend to spontaneously transform into the solids
also formed by GP. By employing a similar process to that used with HNO,
and/or NO»™ species, but this time using H,O as a reactant (O2/H,O or O,/O*
if reduction, HoO/H, or H*/H, if oxidation), we observe that the AE values of
the redox reactions of these three precursors with water indicate spontaneous
reaction (Table 2.9) [86,91]. However, we know that plasma makes the
formation of these precipitates quicker. For example, while it takes days for
KMnOs to precipitate into MnO» in water, with GP, a precipitate appears after
only 4 minutes of exposure [42,96].

In this context, the question arises as to whether we can anticipate the benefit
of exposing a precursor to the GP rather than allowing it to react in water. To
answer this, we need to consider the kinetics of the redox reactions. In fact, a
redox reaction is more likely to occur if the number of electrons needed is
smaller [90]. Furthermore, the greater the AE between 2 reacting couples, the
quicker the reaction may occur [91]. In fact, for all the precursors that react
by GP, we observe that the number of electrons needed is sometimes smaller
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and AE is always greater when reacting with plasma species (Table 2.9). This
theoretically demonstrates the benefit of using plasma over allowing the
reaction to occur in water, as calculations indicate that the redox reaction with
GP-generated species are quicker than those with water species.
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Table 2.9: Redox reactions between HNO2/NO:> species or H2O/H" and precursors exposed to the GP that give a precipitate

Reaction with H20 or H*
If metal reduction:
0, +4H" + 4e~ = 2H,0
Reaction with HNO: or NO» E°=1.23V
Precursor > precipitate If metal oxidation:
2H" +2e” = H,
E°c=0V
Number of AE Number of AE
electrons ) electrons )
KMnOy :
MnOj; + 4H* +3e~ = MnO, + 2H,0 3 0.51;0.32 12 0.18
E =1.692—0.0788pH + 0.019710g(Cyno;) = 1.41V
SnSO4 ; SnCl; :
Sno0, + 4H' + 2e” = Sn** + H,0 2 1.46;1.26 2 0.26
E=-0.077 — 0.1182pH — 0.0295log(Cg,2+) = —0.26 V
TiCls [86]:
TiO, +4H" + e~ = Ti3* + 2H,0 1 231;2.11 2 1.11
E =-0.666 — 0.2364pH — 0.0591log(C;;3+) = —1.11V
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3.2, Application of the identified factors to predict precursors that
may react by GP:

With the parameters we have identified, it is now possible to anticipate which
precursors will react by GP to give a precipitate and which will not. To
facilitate this approach, we have created a dichotomous key. This key allows
to determine, step by step, whether a precursor may or may not fit the
identified parameters identified crucial for its ability to react and form a
precipitate by GP (Figure 2.7).If we examine this dichotomous key in detail
and explain how to use it, we can see that the first step is to choose a precursor
that is soluble in water as, currently, only aqueous solutions of a precursors
are used and studied when exposed to the GP. Next, we need to identify which
species are present upon the dissolution of the precursor, as mentioned in
section 3.1.3 “Nature of the precursor”. If the precursor forms a complex ion
upon dissolution, it is preferable to use a Pourbaix diagram that accounts this
possibility for the next steps. However, if such diagram is unavailable, the
Pourbaix diagram of the simple metal ion can be considered, keeping in mind
that this might overlook important information on whether a precipitate can
form. If a Pourbaix diagram of the formed metal ions is available, this tool
allows us to quickly anticipate whether a precipitate can form at the type of
pH we will have upon exposure, typically around 2-3 if the precursor does not
act as a buffer, or around the pKa of the precursor. In fact, if no precipitate can
be formed at such pH, there is no interest in exposing this precursor to the GP.
If a precipitate can form, we still need to determine whether the metal ions
present in solution would react with the plasma species by calculating the AE
of the redox reaction between the precursor and the HNO,/NO; species, as
mentioned in section 3.1.2 “Potential of the redox reaction”. For better
prediction, it is preferable to calculate this AE using the actual E of the metal
redox couple, considering the concentration of the precursor we will use and
the final pH we expect to have at the end of the exposure. If the AE indicates
that no redox reaction with plasma species will occur, the precipitate is
unlikely to form. On the other hand, if the AE suggests that the reaction will
occur, it is still possible to assess the benefit of exposing the precursor to the
GP rather than allowing it to react spontaneously in water. This assessment
involves examining the number of electrons and the AE of the redox reaction
between the precursor and water, as explained in section 3.1.5 “Interest of the
plasma for precursors that spontaneously form a precipitate in water”. Finally,
before exposing the chosen precursor, we need to ensure that the initial
concentration selected guarantees a Qs > Ks at the final pH we expect, as
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mentioned in section 3.1.4 “Solubility of the precipitate”. This ensures that a
precipitate will indeed form upon reaction, allowing us to recover it
effectively.
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Figure 2.7: Dichotomous key to determine whether a precursor may or may not to react and form a precipitate by GP
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By using this tool, two new precursors were identified as potentially reacting
by GP: HAuCls and KRuOs.

For KRuOs, the first parameter is respected as this precursor is soluble. In
solution, it dissolves to release RuO4 and K7, the latter being a spectator ion.
As seen in this chapter 2, section 3.1.1, RuO,, Ru(OH); and Ru can all be
formed under acidic pH conditions (Figure 2.8) [86]. However, referring to
the position of these solids with respect to RuO4™ in the Pourbaix diagram, we
observe that the formation of RuO, must precede the formation of Ru(OH); or
Ru species. Therefore, it is only interesting to determine if RuO, can be
formed as, if not, other ruthenium-based solids will also not be able to form.
To ascertain this, we calculated the AE for the redox reaction of RuO4 with
HNO, or NO; species to form RuQO,, which indicates that the reaction is
feasible (Table 2.10). We can also confirm the interest of exposing this
precursor to the GP rather than allowing it to simply react with water. By
calculating the AE and the number of electrons involved in the redox reaction,
it is evident that both values are respectively higher and smaller, when reacting
with GP than with water species (Table 2.10). Finally, before exposing this
precursor to the GP, we need to ensure that the initial concentration of KRuO4
is high enough to have Q> K. However, as RuO is considered completely
insoluble, the initial concentration does not really matter [97]. To validate the
theory that tells us that this reaction will work, we exposed a solution of 107
mol/L of KRuOj4 to the GP for 30 min and observed indeed the formation of a
black precipitate after 1 min, corresponding to RuO; (Figure 2.9, Figure 2.10).
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Figure 2.8: Pourbaix diagram of Ru-water at 25°C [86]

Table 2.10: Redox reactions between HNO: or NO> species and KRuO4 precursor

KRuOq [86]:
RuO; + 4H' + 3e” = Ru0, + 2H,0
Ey = 1.533 — 0.0788pH + 0.0197log(Cpyuo;) = 1.238V
(if pH=3 and C; KRuOs= 1*10" mol/L)
NO/NOy RuO; + 4H* + 3NO; AE
(Eq. 1.19) = RuO, + 3NO + 2H,0 | =0.338V
E°=09V ;3e”
NO»/HNO» RuO; + H* + 3HNO, AE
(Eq. 1.20) = Ru0, + 3NO, + 2H,0 | =0.148V
E°=1.09V ;3e”
0, +4H" + 4e” AE
= 2H,0 4Ru0; + 4H* = 4RuO0, + 30, + 2H,0 = 0.008V
E, =123V ;12e”
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Figure 2.9: Pictures of solids formed, in the case of KRuO4 exposed to the GP
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Figure 2.10: XRD data of solids formed, in the case of KRuO4 exposed to the GP

In the case of HAuCly, the system is more complicated. This precursor is
soluble and can potentially form the Au precipitate under acidic pH conditions

(Figure 2.11 (a)) [86]. However, when HAuCl, dissolves in water, it behaves

as a strong Bronsted acid and dissociates into H" and AuCly ions (Figure 2.11
(b)) [98]. Furthermore, in aqueous solution, AuCls” undergoes spontaneous
hydrolysis with different levels of hydroxylation depending on the pH
(Eq.2.10) [99,100]. According to the literature, at pH around 2-3, the
predominant species present in solution are AuCly, [AuCl3(OH)], and
[AuCl(OH).]" [100,101].

AuCl; + jH,0 = AuCl,_;j(OH)7 +jCL™ + jH* (Eq.2.10)
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Therefore, to determine if HAuCl, is able to react with HNO, or NO, species

[MLy]z+>of these complexes using

to form Au’, we first need to calculate the E <
M

their formation constant K¢ and the E (Mz+> of the redox couple Au*"’Au
M

(Eq.2.11-2.14, Table 2.11) [86,102]. By calculating the AE of the redox
reaction of these complexes with HNO, or NO>" species, we observe that all
of them could achieve a redox reaction with at least NO>".

Before testing this precursor, we selected a concentration in HAuCls of 10
mol/L, as Au is considered as completely insoluble. Finally, when HAuCl, is
exposed to the GP, we do obtain a precipitate, which is pure metallic Au
(Figure 2.12, Figure 2.13).

Audt +3e” = Au E; = 1.5+ 0.0197log(Cyy3+) = 1.44V
(if C4p3+ = 1073 mol/L) (Eq.2.11)

Audt +4C1” 2 [AuCl,]™ Ky =1+%10%* (Eq.2.12)
Aut +3C1" + OH™ = [AuCl;(OH)]™ Kr =1x10%° (Eq.2.13)

Aud* +2C17 + 20H™ 2 [AuCl,(OH),]™ K =1%10'%  (Eq.2.14)
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Table 2.11: Redox reactions between HNO: or NO> species and HAuCl4 precursor

HAuCls: AuCly :
AuCly + 3e™ = Au +4Cl”

E°=0.97V
NO/NO- (Eq. 1.19) AuCly +3N0; = Au+3NO, + 4Cl~ AE =0.07V ;3e”
E°=09V
NO2/HNO: (Eq. 1.20) AuCl; + 3HNO, = Au + 3NO, + 3H* + 4Cl~ AE = —0.12V ;3e”
E°=1.09V
HAuCls : J[AuCIz(OH)] :

[AuCl;(OH)]” + HY + 3e” = Au+ 3Cl” + H,0

E°=1.07V

Nozg\io_z_éE;l'Vl'w) [AuCl;(OH)]™ + H* + 3NO; = Au + 3NO, + 3Cl~ + H,0 AE =017V ;3e”

Nozgl\ioi(f(;l'vl'zo) [AuCl;(OH)]™ + H* + 3HNO, = Au + 3NO, + 3Cl~ + H,0 AE = —0.02V ;3e”
HAuCl : [AuCly(OH)2] :

[AuCl,(OH),]™ + 2H* + 3e™ = Au + 2Cl” + 2H,0

E°=1.18V
NOZ/;O_ZEE;'VI'W) [AuCl,(OH),]” + 2H* +3N0; = Au + 3NO, + 2Cl™ + 2H,0 AE =028V ;3e”
Nozg{ON_Oi(aE;l-vl-zo) [AuCl,(OH),]™ + 2H* + 3HNO, = Au + 3NO, + 2Cl™ + 2H,0 AE =0.09V ;3e”
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Figure 2.12: Pictures of solids formed, in the case of HAuCls exposed to the GP, before drying
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Figure 2.13: XRD data of solids formed, in the case of HAuCl4 exposed to the GP

The formation of these two new precipitates suggests that the dichotomous
key created to predict the formation of a solid upon exposure of a metal
precursor to the GP is effective, at least in providing an indication of whether
a precursor might react to form a precipitate upon GP exposure.
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4. Conclusion

The objective of this chapter was to investigate the parameters influencing the
ability of specific precursors to react via humid air GP, leading to the
formation of a precipitate. The aim was to enhance understanding of the
method, ultimately enabling the synthesis of a wider range of catalysts and
increasing the interest of GP as an innovative method for catalyst synthesis.

To achieve this objective, we adopted a strategy to identify commonalities
between precursors that do form a precipitate via GP and those that do not
react. The purpose was to determine the factors influencing the ability of a
precursor to react. Since our method shares commonalities with the
precipitation process, we sought to draw inspiration from this technique.

Several factors were identified as predominant in the ability of a precursor to
react, including medium pH, potential of redox reactions, nature of the metal
precursor and precursor and precipitate’s solubility. Precisely, now we know
that for a precursor to react by GP and form a precipitate, it is needed to:

1) Ensure that the precursor is soluble in aqueous medium.

2) Identify the actual species resulting from the dissociation of the
precursors.

3) Identify if the metal can form a solid at acidic pH around 3

4) Ascertain that the precipitation of the precursor necessitates a change
of oxidation state of the metal.

5) Calculate whether the AE of the redox reaction between the precursor
and HNO; and/or NO» plasma species to form the solid are > 0.

6) Choose an initial concentration of precursor high enough to ensure
that Qs> K for the precipitate.

7) Check the potential interest of GP exposure over a simple water
reaction by calculating the AE and the number of electrons needed for
the precursor to undergo a redox reaction with water species. If the
AE and number of electrons required are respectively higher and
smaller with plasma species compared to water species, this indicates
that GP exposure is advantageous.

These identified factors have enabled us to create a dichotomous key that can
be used for any type of precursors that could be intended to expose to the GP,
allowing to anticipate its potential reaction and precipitation. By utilizing this
key, we have identified 2 new precursors that react by GP, forming new types
of solids never before synthesized by this method: Au and Ru-based solids.
This demonstrates that GP may be a promising method for developing new
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types of catalysts, such as metal-supported catalysts. However, it is important
to note that this dichotomous key also indicates that only a limited number of
precursors may react by plasma, at least without changing the conventional
synthesis parameters we are currently employing. Therefore, this chapter not
only highlights the new possibilities that the GP catalysts synthesis may offer,
but also underlines its limitations.
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Part II - Optimization of the humid
air GP catalysts synthesis

Abstract

In previous Part I, we have improved the understanding of the GP catalysts
synthesis method by identifying the main plasma species responsible for
the precipitation of the precursors. Furthermore, we identified the factors
dictating the ability of a metal precursor to react and precipitate by GP.
Consequently, we now have a better grasp of the types of precursors that
react by GP and the types of precipitates that can be formed after exposure.
Additionally, we have demonstrated that the GP catalysts synthesis offers
the possibility to synthesize various types of catalysts under interesting
synthesis conditions.

However, the method can still be improved. Although the catalysts formed
have been shown to possess interesting characteristics in the literature,
there is still room for improvement by modifying some synthesis
conditions. Furthermore, despite the already favourable synthesis
conditions, such as the use of non-chemical reagents other than air and
water and the rapid reaction time, further enhancements can be made to
improve the method from both environmental and economical
perspective.

Therefore, the part 2 presented here aims to enhance the GP catalysts
synthesis by either improving the characteristic of the synthesized solids
or optimizing the synthesis conditions. This section is divided in 3
chapters: the first focuses on optimizing the catalysts through the use of a
Post-Treatment step, and the other 2 others primarily discuss improving
the method by employing a “no-cooling system” and a “Glidarc Plasma
Activated Water” approach.
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Chapter 3 - Post-Treatment: an interesting step
to improve heterogeneous catalysts synthesized
by glidarc plasma?
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Abstract

Gliding arc plasma (GP) is an interesting method for synthesizing
heterogeneous catalysts. In this process, metal salts precursors react with
plasma species to form a precipitate. Research has shown that adding a
Post-Treatment (PT) step in the synthesis of catalysts (FeOy and MnOx
derived from (NH4):Fe(SO4), and KMnOs) can enhance properties like
phase transformation, specific surface area and catalytic activity.
Hypotheses have been proposed, suggesting that the long-lived species
created in PT affect the solids transformation, but this has not been
conclusively proven. Therefore, this chapter aims to explore the influence
of PT on various types of solids GP-synthesized and understand the
mechanisms of this step. Iron and tin precursors were exposed to the
plasma and submitted to two types of PT. The synthesis conditions did not
consistently impact the characteristics of the plasma-synthesized solids for
the different metals, but a consistent pattern was observed for different
salts of a same metal. Specifically, solids obtained from different
precursors of the same metal, identically exhibit superior catalytic activity
when synthesized under similar conditions. To investigate further, iron and
tin precursors were exposed to a PT where no plasma species were present.
To do so, the plasma-synthesized solids were recovered and placed into
pure distilled water before performing the PT step. By comparing solids
obtained through classical PT, we understood that, although long-lived
plasma species can still trigger the reaction of metal ions remaining in
solution during the PT, they do not impact the way the solid is transformed
during this stage.

The results presented in this chapter have been published in:

F. Hanon, EM. Gaigneaux, Post-discharge: An
interesting step to improve heterogeneous catalysts
synthesized by glidarc plasma?, ~Chemical
Engineering Journal, Volume 489, 2024, 151088

https://doi.org/10.1016/j.cej.2024.151088

133


https://doi.org/10.1016/j.cej.2024.151088

Chapter 3 — Post-Treatment

134



Chapter 3 — Post-Treatment

1. Introduction

As already mentioned in the General Introduction, section 3.3.2, GP has
demonstrated its potential for synthesizing metal (hydr)oxides (TiO-,
FeOx, MnO», SnO») and supported catalysts (FeOy/Kaolinite, TiO»/SnO,)
with interesting properties and catalytic activity when used for pollutant
degradation in both gaseous and liquid phases (Table 1.3) [42,56,57,59—
61,64]. For some previously synthesized catalysts documented in the
literature, such as FeOx and MnOy derived from (NHs):Fe(SO4), and
KMnOy through GP exposure, it has been observed that implementing a
post-discharge (PD) step in their synthesis can impart valuable new
properties such as phase transformation, increased specific surface area,
and enhanced catalytic activity (Figure 3.1, Table 3.1) [61,65]. This step
has historically been referred to as such in the literature. However, given
that the term “Post-Discharge” in plasma terminology differs from its
usage in the context of GP catalysts synthesis, this step will be referred to
as the “Post-Treatment” (PT) step throughout of this thesis.

The PT step consists of, after exposing the precursor solution to GP and
turning off the discharge, allowing the solution to stand outside the reactor
for a defined duration and at a fixed temperature (Figure 3.1). Hypotheses
have been proposed to explain the changes that the solid undergoes during
this step, suggesting that the long-lived species created in PT might
influence the solid’s transformation. However, no conclusive evidence
supporting these hypotheses has been provided. At this stage, this step is
clearly not fully understood. Therefore, it remains challenging to
determine a priori whether it is beneficial to incorporate the PT step in the
GP synthesis of various catalysts.
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Figure 3.1: Scheme of catalysts synthesis with and without a post-discharge step
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Table 3.1: Effect of the post-treatment step at 100°C and/or AT on solids synthesized from
(NHy)2Fe(SO4)2 and KMnO+ (compilation of [61,65])

(NH4)2Fe(SO4)2 KMnOg4
PT at 100°C PT at 100°C PT at AT
(1,2,3h) (1,2,3h) (24,48,72h)
Change of Amorp.hous solid > 6-MnO; > y-MnO,
phase crystalline a-FeOOH
Specific 2 \ 2
surface area
Pore volume 7 N 7
Catalytic 2 \ 2
activity

Given this context, the aim of the research presented here was to explore
the influence of PT on various types of solids synthesized by GP and to
understand the underlying mechanisms of this step. This investigation was
undertaken with the purpose of gaining a more comprehensive
understanding of the synthesis of catalysts by GP, aiming to refine and
improve the process. This goal aligns with the broader objective of
developing interesting catalysts through this innovative, economically
viable, and environmentally friendly approach. Here, we particularly
focus on the synthesis of catalysts dedicated to air depollution by the total
oxidation of pollutants.

2. Experimental methods
2.1. Materials

Iron(II) sulfate heptahydrate (FeSO4.7H20 ; > 99%), tin(I1) sulfate (SnSO4
;> 95%) and tin(II) chloride (SnCls ; > 99%) were purchased from Sigma
Aldrich and ammonium-iron(II) sulfate hexahydrate
((NH4)2Fe(S04)2.6H20 ; > 99%) from Roth.

All the solutions were prepared with demineralized water as solvent.
2.2, Method
2.2.1. Synthesis device: the GP reactor

The gliding arc plasma system used in this study is the same as the one
presented in Experimental, section 1.

2.2.2. Materials synthesis

The precursor solutions were prepared by dissolving 102 mol/L of these
compounds in deionized water. Subsequently, 450 mL of the respective
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solutions were introduced into the reactor, stirred magnetically (1
rotation/s), and exposed to the plasma discharge for 45 min for
(NH4)2Fe(S504)2.6H,0, 60 min for FeSO4.7H,O and 120 min (1h of
exposure, 15 min break, 1h of exposure) for SnSO4.7H,O and SnCl.
These four precursors were chosen because, among those that react with
GP, they produce the largest amount of precipitate, which facilitates
analysis of the synthesized solids. Based on previous studies, either from
literature or in the lab, these exposure times were chosen to synthesize the
catalysts with the best catalytic activity and/or the highest yield of
recovered precipitate [25,56]. The optimal exposure time varies depending
on the type of precursor used.

To investigate the impact of the PT on different types of solids, 2 recovery
methods were performed:

e For catalysts produced without PT (named “precursor”), the solid
formed when the solution is exposed to the plasma discharge was
recovered by centrifugation (24490 G, 30 min) and subjected to
two washing cycles with distilled water (Figure 3.1).

e For catalysts produced with PT, the suspension obtained after
plasma exposure was collected and placed in a berlin before
undergoing the PT step, without agitation. The PT was conducted
in 2 different ways: by allowing the berlin to stand at ambient
temperature (= 20°C) for 72 hours (named “precursor + PT (72h-
AT)”) or by immersing it in an oil bath at 100°C for 3 hours
(named “precursor + PT (3h-100°C)”). The resulting solid was
then recovered through centrifugation (24490 G, 30 min) and
subjected to two washing cycles with distilled water (Figure 3.1).

Blanks samples were prepared for each precursor to assess the influence
of plasma on their precipitation. For the samples intended for comparison
with synthesis without PT, the precursor solution was stirred at AT for the
same duration as the typical GP. For samples meant to compare with
synthesis subjected to a PT step, the solution/suspension was transferred
into a beaker after stirring at AT, then underwent PT at AT for 72h or at
100°C for 3h. If a precipitate formed, it was recovered, washed, and dried,
as for the solids formed by GP.

For the iron precursors, the quantity of precursors transformed into a
precipitate was quantified by UV-visible spectroscopy (in the same
conditions as explained in Part I, Chapter 1, section 2.2.3).
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To understand the mechanism underlying the PT step, a comparative
analysis was conducted between the solids derived from (NHa4):Fe(SO4)2
and SnSO4 when subjected to a classical PT and a PT performed without
plasma species present in the system (named “precursor + PT (72h-AT)
new water” or “precursor + PT (3h-100°C) new water”). The process
involved recovering the precipitate after the plasma discharge through
centrifugation at 24490 G for 30 min. Subsequently, a new suspension was
created by placing the precipitate in 450 mL of pure distilled water. This
suspension was then transferred to a berlin undergoing the PT either at
room temperature (= AT) for 72 hours or in an oil bath at 100°C for 3
hours.

All the solids obtained after centrifugation were dried in an oven under air
at 110°C for 22h + 2h and then calcined in a muffle furnace under air at
400°C for 2h.

The amount of precipitate formed for iron and tin precursors was
measured by weighing the mass of the solid after drying at 110°C.

2.3. Characterization of the solids formed

All the instrumental characterizations used here (XRD, XPS, SEM, EDX,
N»-physisorption) were done after calcination of the solids formed.

All the characterizations performed in this chapter were carried out as
presented in Experimental, section 2.

All the synthesized solids were also tested catalytically in the total
oxidation of benzene, as presented in Experimental, section 2.

3. Results and discussion
3.1.  Investigation of the impact of the PT
3.1.1. Iron precursors

Table 3.2 shows the amount of solid recovered after iron precursors were
exposed to the plasma, without and with a PT under different conditions.
The plasma indeed influences the reaction of iron precursors, as without
plasma-generated species, the precursors do not spontaneously precipitate.
This implies that the species formed through GP have the ability to react
with the precursors, leading to a subsequent precipitate. Moreover, the
increased amount of recovered solid for both types of PT (3h-100°C and
72h-AT) shows that this step enables the species created during the plasma
discharge to persist in their reactivity, allowing further precipitation.
Furthermore, as the duration of the PT time increases (between 3h and
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72h), the quantity of solid recovered also increases (Table 3.2). The
quantification analysis, by UV-visible spectroscopy, confirmed a
progressive increase in the formation of solids during the PT step (Table
3.2).

As a result of the formation of H" species by plasma, the medium gets
acidified during the exposure process (Table 3.2). Throughout the PT, the
pH continues to decrease due to the ongoing formation of H" species,
originating from the transformation of plasma-generated nitrogen species
into more stable forms, such as HNOs; and HNO; [33].
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Table 3.2: Mass of solid produced and pH of the solution when iron precursors are exposed to the GP without PT, with PT (3h-100°C and 72h-AT) and without

plasma
Formed precipitate pH
Mass after Yield after After no plasma | Precursor After After
exposure/PT exposure/PT exposure solution exposure PT
(€3] (“o) (g and %)

(NH4)2Fe(SO4)2 0.050 5 0 /
(NH4)2Fe(SO4):2 + PT (3h-100°C) 0.119 14 0 1.9
(NH4)2Fe(SO4)2+ PT (72h-AT) 0.177 78 0 4 3 2.6

FeSO4 0.131 28 0 /
FeSO4+ PT (3h-100°C) 0.152 31 0 2.7
FeSO4+ PT (72h-AT) 0.242 91 0 2.6
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XRD diffractograms of the solids generated from the iron precursors
reveal that the phases developed, whatever the synthesis type, are
approximately the same (Figure 3.2). Both (NH4):Fe(SOs), and FeSO4
without PT consist in a mixture of hematite (Fe,O3) and FeEOHSO4. When
PT is performed using (NH4):Fe(SOs4),, the FeEOHSO4 phase tends to
disappear in favor of Fe,O3; and mikasaite (Fe2(SOa4)3), especially for the
PT conducted at 100°C. This transformation can be explained by the
influence of heat, which promotes the conversion of Fe(OH)SO4 into
Fey(SO4)3, subsequently transforming into Fe,Os; (Eq. 3.5) [103,104].
Knowing this, it is worth noting that although the Fe>(SO4); phase is not
observed on the X-ray diffractograms of FeSO4 + PT (3h-100°C) and +
PT (72h-AT) samples, it could still be formed through the transformation
of FeOHSO, but in an amorphous state.
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¥ FeOHSO, (PDF 73-1580) (a)
v Fe,(SO,); Mikasaite (PDF 33-0679)

v 3}
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Figure 3.2: XRD data (a) complete range of 2 theta angles measured, (b) zoom on the
20-45° 2 theta range, for solids obtained after calcination with iron precursors without
and with PT (3h-100°C and 72h-AT)

EDX and XPS data confirm the presence of iron sulfate phases in each
solid, as indicated by the presence of sulfur and the position of the S2p
peak around 169 eV (Table 3.3) [105]. Additionally, the data reveals the
presence of nitrogen in the solids derived from (NH4):Fe(SOs),,
suggesting the likely formation of another phase containing NH4" (as
indicated by the position of the N1s peak around 402 eV (Table 3.3)),
which was not observed by XRD (Figure 3.2) [105]. Moreover, the at %
of each element at the surface and in bulk significantly differs, indicating
the heterogeneous composition of the precipitates. Furthermore, the at %
of S at the surface is higher than in the bulk, implying that iron sulfate
phases predominantly exist on the outer layer of the solids (Table 3.3).
Furthermore, since there is no significant variation in the binding energy
of Fe and O elements, it can be concluded that the valence of these
elements remains the same across varying synthesis conditions (Table
3.3).

For catalytic purposes, our primary interest lies in promoting the
formation of more iron oxide and fewer iron sulfate phases since sulfur is
known to act as a poison in reactions like total oxidation for depollution
purposes [106]. An ideal solid for depollution catalysis should have a
reduced S content and a Fe/O ratio increasing towards 0.67. A solid
containing a higher proportion of Fe,O3; (Fe/O=0.67) in comparison to
FeOHSO4 (Fe/O=0.2) and/or Fe2(SO4); (Fe/O=0.17) achieves a Fe/O ratio
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closer to 0.67. For both types of PT (3h-100°C and 72h-AT), the at % of
S decreases, and the Fe/O ratio at the surface increases toward 0.67 (Table
3.3). This shows that the development of Fe,Os occurs at the expense of
iron sulfate. The at % of S and Fe/O ratio after the PT at AT for 72h is
close to those after the PT at 100°C for 3h, especially with (NH4)2Fe(SO4)»
(Table 3.3). This suggests that the application of heat during PT
accelerates the transformation.
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Table 3.3: XPS and EDX data of solids obtained with iron precursors without and with PT (3h-100°C and 72h-AT)

Fe (0) S N Fe/O
XPS EDX XPS EDX XPS EDX XPS XPS
(Fe2p) (O1s) * (S2p) (N1s)
BE | (% at) BE | (% at) BE | (% at) BE | (% at)
(eV) (eV) (eV) (eV)
(NHs)2Fe(SO4): 7109 | 23.9 26 | 5301 | 665 72 11690 | 6.5 2 4017 ] 3.1 0.36
(NH4)2Fe(SO4): 7113 | 277 30 | 5303 | 656 67 |169.1| 53 2 4019 13 0.42
+ PT (3h-100°C)
(NHa)2Fe(SO4): 711.0 | 28.1 31 | 5305 | 658 67 | 1690 | 4.9 3014018 | 12 0.42
+PT (72h-AT)
FeSO4 7109 | 265 28 | 5304 | 666 69 | 1695 | 6.8 3 / / 0.40
FeSOs+ PT (3h-100°C) | 710.8 | 302 22 | 5300 | 657 77 1 169.0 | 4.1 1 / / 0.46
FeSO4+ PT (72h-AT) | 7108 | 26.0 22 | 5300 674 76 | 168.8 | 6.6 2 / / 0.39

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
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The provided information allows for imagining a reaction mechanism
involving iron precursors during plasma discharge and during the
subsequent PT steps. A. Tiya Djowe et al. previously proposed a 2-step
solid formation mechanism for (NH4)2Fe(SO.), involving OH radicals
[61]. However, our findings differ from their results, as we previously
demonstrated that the primary plasma species driving the oxidoreduction
leading to precipitation are instead the HNO2/NO; species (Part I, Chapter
1) [88]. Considering this, we proposed an alternative hypothetical
mechanism. Given our understanding that, during the plasma discharge, a
solid composed of FeOOH and FeOHSOy is formed, with the sulfate phase
primarily located at the solid’s surface, it is likely that a 3-step formation
process of these 2 phases takes place [88]:

1) Firstly, it is probable that the Fe?* ions originating from the precursor
undergo oxidation by plasma species, resulting in the formation of Fe3*
(Eq.3.1):

Fe?* + NO; + 2H* - Fe3* + NO° + H,0
or
Fe?* + HNO, + H* - Fe3* + N0O° + H,0 (Eq.3.1)

2) In an aqueous environment, Fe** ions are unstable, prompting their
spontaneous hydrolysis into FeOOH if the medium is not sufficiently
acidic (which subsequently transforms into Fe,O; through calcination)
[86] (Eq.3.2):
Fe3* 4+ 2H,0 — FeOOH + 3H* (Eq.3.2)
3) Additionally, Fe®* can also react with other ions present in the medium,
such as SO4? ions originating from the precursor (Eq.3.3):
Fe3* + S0}~ + H,0 — FeOHSO, + H* (Eq.3.3)

Given that the concentration of SO* is lower than that of H,O, the
likelihood of this last reaction taking place is lower. Consequently, a
reduced formation of the FeOHSO, phase occurs. Furthermore, since Fe**
formed ions initially react with H,O molecules, the availability of SO4*
ions probably increases with exposure time, which means that the
likelihood of FeOHSO4 formation increases with time, leading to its
formation mostly at the surface of the already formed FeOOH. Imagining
a formation process like this could provide a plausible explanation for the
type of solid we observe, wherein a core primarily composed of FeOOH
and a shell predominantly composed of FeOHSOj are formed (Figure 3.4).
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During the PT step, various mechanisms can still occur. Firstly,
HNO,/NO;™ has been identified as the primary species responsible for the
oxidation of the precursors exposed to the GP (Part I, Chapter 1) [88]. This
species has a sufficiently long lifetime to remain present during the PT
[33]. However, to be sure this is the case, we observed and quantify the
amount of long-lived species (NO3; and NOy") that are still formed during
the PT step. To achieve this, we subjected distilled water to plasma
exposure for 45 min then to a PT at 100°C for 1, 2 and 3h and to a PT at
AT for 24, 48 and 72h. We performed an UV-visible spectroscopic analysis
of the solutions as already mentioned in the Part I, Chapter 1, section 2.2.3.
The amount of NO,” formed decreases with PT time while, on the contrary,
the formation of NOs™ increases. The larger the PT time is, the greater will
be the amount of NO3™ formed. The decrease of NO;™ is more pronounced
when the PT is performed at 100°C (Figure 3.3). Indeed, we know that
NO; tends to be oxidized to form NOs™ and since oxidizing species are
probably present in the medium, they can therefore eventually carry out
this reaction [86]. However, even after 3h at 100°C and 72h at AT, some
NO; species still remain in the solution, indicating that they can still
participate in reactions during both PT steps.

140 4

128

i

1)

o
1

109 n ] H28

100 101

2.6

®
S
1
1

74 || 74

3
1
pH

63 24

[ ] [ ]
59
46 | | 48 %2
[ ] [ ] 2.2
= 34
21
n | | 20

Nog | No, | No; [ No, [ oy [ o, [ Nog [ No, [ Noy [ o, [ oy [ Noy, [ Nog [ Noy,
water 45min | PT (10-100°C) | PT (2h-100°C) | PT (3h-100°C) | PT (24h-AT) | PT (48h-AT) | PT (72h-AT)

Concentration of NO, and NO, (mg/L)
8
1

n
o
!

o

Figure 3.3: pH and concentration of NOz and NOs™ of distilled water exposed to the GP
for 45 min then to PT of 1, 2 and 3h at 100°C and of 24, 48 and 72h at AT

Consequently, Fe?* from the precursor that was not oxidized during the
discharge may have enough time to be transformed into Fe3* by these
HNO./NO-" species during the PT step. This could explain the increased
amount of precipitate recovered when a PT step is performed (Table 3.2).
Additionally, the Fe** ions formed both during the discharge and the PT
step can still react with the remaining H,O and SO.* in the solution.
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Thereby, FeOOH and iron sulfate phases can further be created. This can
occur either at the surface of previously formed particles or lead to the
formation of new particles.

However, other phenomena can take place during this stage without being
influenced by the plasma species generated. As suggested by the XPS
results, this primarily occurs at the surface of particles already formed
during the discharge. FEOHSO,4 can indeed react with water to form
FeOOH, but it can also decompose into Fe»(SO4)s and FeOOH (Eq.3.4,
Eqg.3.5). This can explain the increased amount of Fe;Os present in the
solid and at its surface, as well as the appearance of Fex(S0.)s. However,
since the transformation of FeOHSO, is more efficient under heat, it can
explain why solids formed from a PT performed at 100°C have a reduced
presence of this phase (Figure 3.4) [103].

FeOHSO, + H,0 — FeOOH + H,SO0, (Eq.3.4)

3FeOHS0, — Fe,(S0,)5 + FeOOH + H,0 (Eq.3.5)

At this stage, it is understood that both types of PT facilitate the gradual
transformation of the iron sulfate phase into iron oxide. Nevertheless, the
supply of energy to the system seems to help accelerate this transformation
(Figure 3.4).

However, it is worth noting that the hypothesis proposed here regarding
the distribution of phases within the solid and their transformations under
different synthesis conditions is based on the phases identified by XRD.
Although they are not accounted in the suggested process, we can however
not disregard the possibility that other phases may be present.

FeOHSO,+ Fe,(SO,);
4 N '<
/ e
) .
1 pm \\'. ’/ Fe,0,
—

Figure 3.4: Mechanism of formation of solids obtained with iron precursors without and
with PT

Regarding the change in solid morphology during the PT process, the
growth of FeOOH crystals has previously been investigated by A. Tiya
Dowe with (NH4).Fe(SO4), as a precursor [25]. It was observed that
during the PT, the particles agglomerate and develop into sea-urchin like
hollow spheres, thereby enhancing their specific surface area and pore
volume (Figure 3.4). In the literature, the formation of such structures for
FeOOH synthesized by precipitation has already been achieved, but in

148



Chapter 3 — Post-Treatment

most cases, it requires the addition of a template during the synthesis or
specific conditions (such as temperature, time and pressure) during
precipitation, or a post-treatment step, as in our approach [107-109]. In
our study, comparable findings were noted for the solid formed using both
iron precursors. When PT is performed at 100°C for 3h and at AT for 72h,
solids develop cavities and form crystals with more spikes on their surface,
thereby increasing the specific surface area of the solid (Figure 3.5). When
performing the PT at 100°C, alongside the emergence of spikes, we
observe the formation of the “sea-urchin like” crystals for both precursors
(Figure 3.5 (b) ; (e)). This observation indicates that applying heat during
the PT step facilitates the advancement of crystal development.
Consequently, conducting PT results in solids with a larger specific
surface area and pore volume for both precursors, especially when done at
100°C for 3h (Table 3.4).
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Figure 3.5: SEM images of solids formed from (NHq)2Fe(SO4)2 (a) without PT ; (b) + PT
(3h-100°C) ; (c) + PT (72h-AT) and from FeSOy (d) without PT ; (e) + PT (3h-100°C) ;
(f) + PT (72h-AT)

Table 3.4: Textural properties obtained by Na-physisorption with iron precursors without
and with PT (3h-100°C and 72h-AT) (isotherms Supplementary information SI.6)

Specific surface Pore volume
area (cm’/g)
(m*/g)
(NHa4)2Fe(SO4)2 69 0.18
(NHa4)2Fe(SO4)2 + PT (3h-100°C) 112 0.30
(NH4)2Fe(SO4)2+ PT (72h-AT) 80 0.22
FeSO4 95 0.33
FeSO4+ PT (3h-100°C) 133 0.34
FeSO4+ PT (72h-AT) 63 0.17
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In terms of catalytic activity of the solids derived from iron precursors, it
is slightly enhanced when a PT is performed at 100°C for 3h for both
precursors. However, the PT (72h-AT) is only beneficial for catalyst
produced from (NH4),Fe(SO4), (Figure 3.6). These results align with
previously identified characteristics. As the PT process increases the
presence of the catalytically active phase (Fe>Os) in the solid and slightly
augments its specific surface area and pore volume, it accordingly
enhances the catalytic activity of the resulting material. In the case of
solids formed from iron precursors, the application of heat promotes the
gradual transformation of the iron sulfate phase into iron oxide and
improves the formation of crystals with a higher specific surface area and
pore volume. Consequently, conducting the PT at 100°C for 3h has a more
significant impact on the catalytic activity of the solid obtained from both
precursors. Furthermore, the iron-based catalysts synthesized by GP either
already resemble to or are better than commercial Fe,Os (iron(IIl) oxide,
Alfa Aesar, 30-60 m?/g) even without the addition of a PT. However, their
catalytic activity becomes even more competitive with the addition of a
PT (Figure 3.6).

—®— (NH,),Fe(SO,),
(NH,),Fe(SO,), + PT (3h-100°C)

1 |-®—(NH,),Fe(S0,), + PT (72h-AT)

1004 |—-M—FeSO,

FeSO, + PT (3h-100°C)

| |[~m—Feso, + PT (72h-AT)

80 4 |=[X]- Fe,O, commercial

| |=>K~-Blank

60 4

40

Conversion of benzene (%)

20+

Temperature of reaction (°C)

Figure 3.6: Catalytic performances of solids formed from iron precursors without and
with PT (3h-100°C and 72h-AT) for the total oxidation of benzene (conversion of benzene
as function of reaction temperature)
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3.1.2. Tin precursors

The first observation is that the presence of plasma-generated species is
not necessary for the reaction and precipitation of tin precursors, as even
without plasma, a solid is formed (Table 3.5). This phenomenon arises
from the instability of Sn?" ions in a not acidic enough aqueous solution,
causing them to spontaneously react and form Sn(OH)4 [86]. Additionally,
SnSO4 and SnCl; in water tend to undergo hydrolysis, transforming into
Sn3O(OH),SO4 and Sn(OH)CI respectively [86,110-113]. However,
through plasma synthesis, the quantity of recovered precipitate
significantly surpasses that obtained without plasma (Table 3.5). This
heightened yield is likely attributed to the oxidizing species generated by
plasma. These species accelerate the oxidation of Sn** to Sn*' and
potentially also convert the intermediates Sn;O(OH),SO4 and Sn(OH)Cl
into Sn(OH)4. Moreover, the increased amount of recovered solid for both
types of PT (3h-100°C and 72h-AT) for the SnCl, precursor shows that
this step enables the species created during the plasma discharge to persist
in their reactivity, facilitating further precipitation.

The precursor solution is already acidic before plasma exposure, owing to
the spontaneous formation of Sn(OH)4, SnsO(0OH)2.SO4 and Sn(OH)CI,
which release H* ions in the medium when SnSO, and SnCl; are dissolved
in water [86,111,113]. The exposure to plasma further acidifies the
solution by generating H*. Throughout the PT, the pH level remains
relatively stable because the solution is already at a very low pH, where
the HNO2/NO; couple present in the medium (pKa = 3.3) acts as a buffer.
(Table 3.5) [114].
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Table 3.5: Mass of solid produced and pH of the solution when tin precursors are
exposed to the GP without PT, with PT (3h-100°C and 72h-AT) and without plasma

Mass of solid produced pH
(g
After After no | Precursor After After
exposure/PT | plasma solution | exposure | PT
exposure
SnSO4 0.686 0.156 /
SnSO4+ PT 0.681 0.356 1.9
(3h-100°C)
SnSO4+ PT 0.677 0.336 1.8
(72h-AT) 2.5 2
SnClL: 0.674 0.069 /
SnCL+ PT 0.723 0.406 18
(3h-100°C)
SnClo+ PT 0.705 0.023 1.7
(72h-AT)

The XRD diffractograms of the solids derived from tin precursors reveal
that the phases developed before and after both PT (3h-100°C and 72h-
AT) remain unchanged. In both precursors, the phase developed is
cassiterite (SnQ,), resulting from the dehydration of the Sn(OH)4 formed
in solution during the solid’s drying steps (Figure 3.7). However, the
presence of S and Cl detected by XPS and EDX for solids obtained from
SnSO4 and SnCl, respectively, suggests the possible development of
another amorphous phase (Table 3.6). These phases could be Sn(OH)Cl
and Sn;O(OH),SO4, formed through the hydrolysis of SnSO4 and SnCl,
respectively, as previously explained [86,111,113]. This speculation gains
support from the binding energy measured by XPS, as the Clls peak
position around 199 eV corresponds to that of chlorine atoms linked with
a transition metal, and the S1s peak position around 169 eV aligns with
that of a sulfate element (Table 3.6) [56,113]. Concerning the binding
energy of the other elements (Sn and O), no significant variation is
observed. Therefore, it can be concluded that the valence of these elements
remains the same across varying synthesis conditions (Table 3.6).
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Figure 3.7: XRD patterns of solids obtained after calcination with tin precursors without
and with PT (3h-100°C and 72h-AT)

XPS and EDX data highlight that the at % of each element at the surface
and in bulk significantly differs, indicating the heterogeneous composition
of the precipitates. Furthermore, the at % of S and CI at the surface is
higher than in bulk, implying that iron sulfate or iron chloride phases
predominantly exist on the outer layer of the solids (Table 3.6).

For catalytic purposes, our primary interest lies in promoting the
formation of more tin oxide and less tin sulfate or tin chloride phases since
sulfur and chloride are known to act as poisons in reactions like total
oxidation for depollution purposes [115-117]. Therefore, an ideal solid
for depollution catalysis should have a reduced S and CI content and a
Sn/O ratio closer to 0.5. A solid containing a higher proportion of SnO;
(Sn/0=0.5) than Sn3O(OH).SO4 (Sn/0=0.43) or Sn(OH)CI (Sn/O=1)
achieves a Sn/O ratio closer to 0.5. For both types of PT, the at % of S and
Cl decreases at the surface, but the PT performed at AT for 72h has the
most effective impact. Consequently, the development of tin oxide occurs
at the expense of tin sulfate or tin chloride, at the surface of the solid. In
bulk, the at % of S and ClI is already close to 0, so no big change is
observed (Table 3.6).

However, regarding the Sn/O ratio, even before the PT, the value exceeds
0.5 and becomes even larger afterward (Table 3.6). This scenario is not
feasible if only SnO,, as tin oxide, is formed during the transformation of
tin sulfate or tin chloride. Our observations therefore imply the presence
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of another unidentified phase with a Sn/O ratio >0.5 in the solid. This
could be SnO (Sn/O=1) from Sn3;O(OH).SO. or Sn(OH)Cl that has not had
the opportunity to oxidize and subsequently transforms into tin(I1) oxide.
This might explain the observed increased Sn/O ratio after PT.
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Table 3.6: XPS and EDX data of solids obtained with tin precursors without and with PT (3h-100°C and 72h-AT)

Sn (0] SorCl Sn/O
XPS EDX XPS EDX XPS EDX | XPS
(Sn3d) (O15s) * (S2p or Clls)
BE (at %) BE (at %) BE (at %)
(eV) (eV) (eV)

SnSO4 487.1 33.5 14 530.6 63.5 85 169.4 2.9 1 0.53
SnSO4+ PT (3h-100°C) 487.0 35.2 17 530.3 62.4 81 169.3 2.5 1 0.56
SnSO4+ PT (72h-AT) 486.9 36.5 21 530.9 61.3 79 169.8 2.2 1 0.58
SnCl: 486.6 35.2 29 530.7 63.4 71 199.1 1.4 0 0.56
SnCl; + PT (3h-100°C) 486.7 36.7 25 530.6 62.4 75 198.9 0.9 0 0.59
SnCl: + PT (72h-AT) 486.6 38.7 25 530.5 60.7 74 199.3 0.5 0 0.64

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
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With the above information, we propose a hypothetical reaction
mechanism for SnSO4 and SnCl, exposed to plasma discharge as follows:

1) Firstly, either Sn*" ions resulting from the dissolution of SnSO4 and
SnCl, precursors spontaneously oxidize to form Sn(OH)4 (Eq.3.6), or the
precursors undergo hydrolysis in water to produce tin hydroxy sulfate or
tin hydroxy chloride (Eq.3.7 ; Eq.3.8). In fact, in solution with CI- or SO4*
ions at pH = 2.5, Sn?" does not form the tin hydroxide Sn(OH), but instead
prefers to transform into these components, which are more stable
[86,110-113]:

Sn?* +4H,0 - Sn(0OH), + 4H™ + 2e~ (Eq.3.6)
35nS0, + 3H,0 - Sn;0(0H),S0, + 4H™* + 2507 (Eq.3.7)
snCl, + H,0 — Sn(OH)Cl + HCl (Eq.3.8)

2) Subsequently, Sn®" ions that have not had sufficient time to react
spontaneously with water and tin sulfate or tin chloride intermediates
formed previously can be oxidized by the plasma species into Sn(OH)4
[88] (Eq.3.9):

Sn?* + 2NOj + 2H,0 = Sn(OH), + 2NO°
or
Sn%* + 2HNO, + 2H,0 = Sn(OH), + 2N0° + 2H*  (Eq.3.9)

In the process of transforming Sn3;O(OH),SO4 or Sn(OH)CI particles into
Sn(OH)s, it is conceivable that upon their transformation, these particles
undergo rapid oxidation by plasma species, preventing them from being
“trapped” within the particle core. Consequently, when plasma exposure
ceases, the unoxidized portion of the precipitate predominantly resides on
the solid’s surface. This phenomenon could explain the absence of S or Cl
in the material’s bulk (Figure 3.8).

Afterward, as Sn(OH), is less stable than Sn(I'V) oxide, the application of
heat during the drying steps leads to the spontaneous dehydration of
Sn(OH)s, resulting in SnO,, which is the phase observed by XRD
(Eq.3.10, Figure 3.7, Figure 3.8).

Sn(0H), - Sn0, + 2H,0 (Eq.3.10)

Throughout the PT step, NO>™ is still present due to its extended lifespan,
allowing it to probably continue oxidizing some Sn3O(OH).SOs; or
Sn(OH)CI particles into Sn(OH)s. However, NO,, which is no longer
generated during this step, tends to transform into NOs", thus hindering its
ability to completely oxidize these phases (Figure 3.3) [86]. Consequently,
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some Sn3;O(OH)>SO4 or Sn(OH)CI may simply decompose into Sn(OH)a,
which is later transformed to SnO during the drying step (Eq.3.11,
Eq.3.12, Eq.3.13; Figure 3.8). This hypothesis fits with the observed
increased Sn/O ratio during the PT step. Furthermore, even though the PT
at AT for 72h has a more significant impact on transforming sulfate and
chloride phases, the PT performed at 100°C for 3h already effectively
transforms these phases. It appears that applying heat to the system seems
to accelerate the transformation, which would probably occur anyway

under ambient temperature conditions if given sufficient time.
Sn;0(0H),S0,+3H,0 - 3Sn(0OH), + SO;~ + 2H*  (Eq.3.11)
Sn(OH)Cl+ H,0 - Sn(OH), + Cl~ + H* (Eq.3.12)
Sn(OH), = Sn0 + H,0 (Eq.3.13)

However, it is worth noting that the hypothesis proposed here regarding
the distribution of phases within the solid and their transformations under
different synthesis conditions is based on the phases identified by XRD,
the Sn/O ratio calculated by XPS, and information from the literature
suggesting hydrolysis of the tin precursors upon dissolution into water.
Although they are not accounted in the suggested process, we can however
not disregard the possibility that other phases may be present.

-~

\ S oy OO
Ve ) g i /’
L $no 4

Figure 3.8: Mechanism of formation of solids obtained with tin precursors without and
with PT

Regarding the change in solid morphology during the PT process, for both
precursors, the specific surface area of the solid decreases without
changing the pore volume (Table 3.7). This is likely a result of particle
agglomeration due to heat and time. However, this hypothesis is difficult
to confirm with SEM images (Supplementary information SI.8).
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Table 3.7: Textural properties obtained by N>-physisorption with tin precursors without
and with PT (isotherms supplementary information SI1.7)

Specific surface area Pore volume
(m*/g) (cm’/g)

SnSO4 162 0.13
SnSO4+ PT (3h-100°C) 140 0.15
SnSO4+ PT (72h-AT) 132 0.14
SnClL: 146 0.11

SnCl: + PT (3h-100°C) 110 0.11
SnClL: + PT (72h-AT) 89 0.11

Regarding the catalytic activity of solids derived from tin precursors, it is
enhanced when a PT is performed at 100°C and AT for both, but the 72h
PT demonstrates a superior effect, especially for SnSO4 (Figure 3.9).
These results align with previously identified characteristics. As the PT
process leads to an increased presence of the catalytically active phase (tin
(IV and II) oxide) at the surface of the solid, particularly when conducted
at AT, it thereby enhances its catalytic activity. However, in both cases, the
specific surface area of the solids diminishes when a PT step is performed,
especially when done at AT for 72h. This implies that augmenting the
quantity of the catalytically active phase has a more significant impact
than the decrease in specific surface area. Consequently, conducting the
PT at AT has a more significant impact on the catalytic activity of the solid
in both cases. Furthermore, compared to SnO, synthesized by classical
with base (NH3) addition precipitation (following the protocol proposed
in the article [118], XR diffractogram of this solid in Supplementary
Information SI1.9), the tin-based catalysts synthesized by GP are already
more catalytically active when no PT is added. However, their catalytic
activity becomes even more competitive with the addition of a PT.
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Figure 3.9: Catalytic performances of solids formed from tin precursors without and with
PT for the total oxidation of benzene (conversion of benzene as function of reaction
temperature)

3.1.3. What are the similar impacts of the PT on precursors
exposed to the GP?

At this stage, we cannot assert that a particular type of PT consistently
yields superior results by developing more interesting characteristics for
all types of plasma-synthesized solids. However, when considering the
influence of the PT step on precursor salts of the same metal, a discernible
pattern emerges. Specifically, solids obtained from different precursors of
the same metal exhibit identically superior catalytic activity when
synthesized under similar conditions. Precisely, in the case of iron
precursors, the PT at 100°C yields the most interesting properties, while
for tin precursors, the PT at AT proves most promising. This suggests that
we may be able to anticipate in advance the preferable type of PT to
conduct when using a new precursor of a metal previously studied with a
different precursor.

Although the impact of each PT type varies for different metal precursors,
a global effect can still be observed. Firstly, the PTs do not fundamentally
alter the type of solid formed. Instead, a phase formed during the plasma
discharge is more or less present after the PT due to the transformation
from one phase to another. Consequently, the same atoms remain in the
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solid after the PT, but not in the same atomic percentage. Additionally, all
tested precursors tend to form a sulfate or chloride phase, primarily located
at the solid surface during the plasma discharge. Throughout each PT type,
this intermediate appears to transform into a metal oxide. Furthermore, the
PT invariably influences the textural properties of the solid. While the pore
volume may not always change, the specific surface area does. Due to
factors like time and temperature, particles formed during plasma
discharge tend to agglomerate. However, this does not consistently result
in a decrease in a specific surface area. Depending on crystal growth
patterns, some roughness and porosity can be created, thereby increasing
the solid’s specific surface area. Certainly, the fact that PT affects various
solid characteristics leads to changes in its catalytic activity. The activity
improves when the amount of catalytically active phase increases and/or
the specific area increases, but it worsens if the opposite occurs.

However, in nearly all cases, conducting a PT at either 100°C or AT
enhances catalytic performance, with the exception of FeSO4 + PT(72h-
AT). This suggests that incorporating a PT step is almost always
beneficial. If a quicker synthesis is preferred, the PT at 100°C is the more
compelling choice. Alternatively, if a synthesis method requiring less
energy input and resulting in a higher yield of recovered solids is desired,
the PT at AT is more suitable. These results indicate that, depending on the
synthesis parameters of preference, one PT may outperform another, but
the addition of a PT step consistently proves to be a constructive way to
enhance the performance of a plasma-synthesized catalyst.

Furthermore, it has been observed that the amount of solid recovered is
impacted when a PT is performed. For most precursors, allowing more
time for the solid to develop increases the quantity of recovered solid.
Hence, although there are instances where the catalytic performance of the
catalysts does not exhibit a significant change, questioning the necessity
of adding a PT step, it consistently enhances the yield of solid formation.
Therefore, incorporating a PT step is an effective way to enhance the
overall plasma synthesis for two reasons: by augmenting the yield of solid
formation while increasing its catalytic activity.

3.2.  Elucidation of the mechanism underlying the PT

We have demonstrated that PT is an interesting step to apply in the GP
synthesis, enhancing the yield of recovered solids and enabling the
development of catalysts with more interesting properties. However, the
exact mechanism behind this step remains unclear. Some hypotheses
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proposed in the literature suggest that the species generated during the PT
(H20,, HNOs;, HNO., etc) influence the modification of the solid.
Actually, these hypotheses were never proven before. Therefore, our
objective is to comprehend the functioning of the PT step and determine
whether the plasma species present during the PT indeed impact the
modification of GP-synthesized solids. To address this, we compared
solids obtained from (NHa4),Fe(SO4), and SnSO4 subjected to a classical
PT step with solids developed when a PT is conducted without the
presence of plasma species.

The diffractograms obtained for these solids reveal that the phases
developed when the PT is performed with or without the presence of
plasma species are identical for (NH4):Fe(SO4), and SnSOs in both types
of PT (Figure 3.10, Figure 3.11).
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Figure 3.10: XRD data (a) complete range of 2 theta angles measured, (b) zoom on the
20-45° 2 theta range, of solids obtained after calcination with (NH4)2Fe(SO4)2 with PT
with and without plasma species
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Figure 3.11: XRD patterns of solids obtained after calcination with SnSO4 with PT with
and without plasma species

By comparing the at % of elements present in solids synthesized with and
without plasma species during the PT step, it is evident that they rarely
exhibit really close similarities (Table 3.8). Notably, the only samples
demonstrating a relatively similar elemental composition are the solids
formed from (NHai):Fe(SO4), with a PT (3h-100°C). However, certain
commonalities are observable. Firstly, the binding energy of S2p around
169 eV as determined by XPS, constantly corresponds to SO, as
previously observed (Table 3.8). Furthermore, the changes occurring
within the solid during the PT step remain consistent, regardless of the
presence of plasma species. Specifically, the at % of S decreases, while
the at % of Sn or Fe increases (Table 3.8). This suggests that the plasma-
generated species present during the PT are not essential for triggering the
observed transformation that typically occurs during this step, which is the
conversion of iron or tin sulfates into iron or tin oxides.

The at % of S is similar or smaller, while the at % of Fe or Sn is similar or
higher in almost all cases when the PT is done without plasma species
(Table 3.8). This can be attributed to the “washing step” conducted by
recovering the synthesized solid after the discharge and immersing it in
fresh distilled water. This step not only removes the plasma-generated
species but also eliminates other ions, including SOs*. Consequently,
these species can no longer interact with the synthesized solid and,
therefore, cannot be deposited on its surface, diminishing the formation of
the sulfates during this step.
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Table 3.8: XPS and EDX data of solids obtained with (NH4)2Fe(SO4)2 and SnSO4 with PT without plasma species

Fe or Sn (0] S Fe/O or
Sn/O
XPS EDX XPS EDX XPS EDX XPS
Fe2p or Sn3d (O15s) * (S2p)
BE | (at %) BE | (at %) BE | (at %)
(eV) (eV) (eV)
(NH4)2Fe(SO4)2 + PT (3h-100°C) | 7113 | 27.7 30 | 5303 ] 656 67 | 169.1 53 2 0.42
(NH4:Fe(SOa)2 + PT Bh-100°C) | 16 | 9g 31 | 5303 | 65.6 66 | 169.1 | 5.2 3 0.43
new water
(NHa4)2Fe(SO4): + PT (72h-AT) 711.0 | 28.1 31 | 5305 ] 658 67 |169.0 | 49 3 0.42
(NH4):Fe(SO92 + PT (720-AT) | 10l 316 | 31 [ 5301 | 647 | 67 | 1692 3 3 0.49
new water
SnSO4+ PT (3h-100°C) 487.0 | 352 17 | 5303 | 624 81 | 1693 | 25 1 0.56
SnSO4+ PT (3h-100°C) 486.6 | 358 21 | 5306 | 633 79 | 168.4 1 0 0.57
new water
SnSO4+ PT (72h-AT) 4869 | 365 21 [ 5309 ] 613 79 1698 | 22 1 0.58
SnSO4+ PT (72h-AT) 487.0 | 349 20 | 531.0 | 629 80 |169.1 | 23 1 0.55
new water

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
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Regarding their texture, it is evident that the changes in the solid are
consistent, regardless of the presence of plasma species during the PT step
(Table 3.9). When the PT is performed at 100°C for (NH4)2Fe(S0O4),, the
specific surface area and pore volume increase. However, these features
decrease when the PT is carried out at AT for the (NH4).Fe(SO4); and for
both PT involving SnSOs.

Table 3.9: Textural properties obtained by N2-physisorption of solids obtained with (a)
(NH4)2Fe(SO4)2 and (b) SnSO4 with PT with and without plasma species

Specific surface Pore volume
area (cm’/g)
(m?/g)

(NHa4)2Fe(SO4)2 + PT (3h-100°C) 112 0.30

(NHa4)2Fe(SO4)2 + PT (3h-100°C) 105 0.30
new water

(NH4)2Fe(SO4)2+ PT (72h-AT) 80 0.22

(NH4)2Fe(SO4)2 + PT (72h-AT) 74 0.28
new water

SnSO4+ PT (3h-100°C) 140 0.15

SnSO4+ PT (3h-100°C) new water 107 0.14

SnSO4+ PT (72h-AT) 132 0.14

SnSO4+ PT (72h-AT) new water 120 0.14

Finally, regarding their catalytic activity, both precursors, irrespective of
plasma species presence during PT, yield solids with higher catalytic
activity (Figure 3.12). This is attributed to the consistency in solid
transformation, whether plasma species are present or not. In fact,
although the catalytic activities of solids synthesized with or without
plasma species present in the PT may not be identical, we have observed
a consistent pattern of solid transformation that tends to enhance catalytic
activity. Therefore, these modifications result in a similar impact on the
catalytic test, regardless of the presence of plasma species during the PT,
ultimately improving it compared to when no PT is performed.
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Figure 3.12: Catalytic performances of solids formed with (a) (NH4)2Fe(SO4)2 and (b)
SnSO+ with PT with and without plasma species for total oxidation of benzene
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With the above information, in contrast to earlier suggestions in the
literature, we can conclude that species generated by plasma do not play a
role in the solid transformations occurring during the PT step. The phases
conversion and crystal growth observed in this process primarily reflect a
maturation step that involves the solid in a specific manner, contingent
upon the applied heat and the duration of the step.

In classical plasma applications, the term ‘“post-discharge” holds a
different meaning than in GP. It is defined as “the area downstream of the
discharge, where the species produced by the discharge are entrained by a
gaseous or liquid flow but are no longer influenced by the electric field”
[119]. In the gold nanoparticles (NPs) synthesis described by Mariotti et
al., it is explained that within the “plasma zone”, where reactive species
formed by the plasma discharge are concentrated, the precursor undergoes
transformation into gold NPs, constituting the ‘“nucleation step”.
Subsequently, when these particles exit this zone, they enter the “post-
discharge zone” where the solid grows, leading to the development of
larger particles (Figure 3.13) [120]. Knowing this, we can draw a parallel
between the PT step of GP and classical plasma PD. In both cases, when
the precursor is exposed to the plasma discharge, it interacts with the
plasma species to form a precipitate. Subsequently, when the solid is
placed in PD, it undergoes a “maturation step”, influenced by the duration
and temperature of the PD process.

Gas flow
DC power < >
Anode - supply
[1
I Cathode
Microplasma
BN, "
(0]
Q@ .
e © Nucleation
o 0
— Precursor
Growth

Figure 3.13: Schematic diagrams depicting the microplasma set-up used for NPs
synthesis adapted from [120]
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Nevertheless, although it can be concluded that plasma species do not
contribute to the transformation during the PT of already precipitated
solids, it can be asserted that they do influence the reaction of metal ions
from the precursor that have not had sufficient time to react during the
discharge. This is evidenced by the increased amount of recovered
precipitate when iron and tin precursors undergo the PT step (Table 3.2,
Table 3.5). In fact, we have previously established that NO;" is the main
species responsible for the precipitation process and that it persists long
enough to be present during the PT step (Figure 3.3) [33,88]. Therefore,
these species do still initiate the transformation of metal ion precursors
remaining in solution. However, once the discharge is shut down, no more
NO; species are generated, and they tend to decompose into NO3™ (which
has been identified as not triggering the reaction) (Figure 3.3) [86,88].
Consequently, they cannot remain present in sufficient amounts to
facilitate the reaction of all the remaining metal ion precursors in solution.

4. Conclusion

GP catalyst synthesis offers interesting conditions when compared to
alternative synthesis methods, such as mild conditions and short
processing time. Additionally, this approach can be considered eco-
friendly and cost-effective, as the only chemical used to generate these
reactive species is water-saturated air, which is non-polluting, available,
and renewable. Nonetheless, while catalysts synthesized through this
method already exhibit promising characteristics and catalytic activity,
enhancing the method by introducing a new synthesis step while
preserving its advantage presents an opportunity to further improve its
Interest.

As previously suggested in the literature for FeOx and MnOy derived from
(NH4)2Fe(S04), and KMnOy4 synthesized through GP exposure, we
confirm that the PT step is valuable to all types of solids synthesized from
various precursors. Regardless of the precursor type, conducting a PT
either at 100°C or AT proves to be an interesting process to increase the
quantity of recovered solids and/or bring interesting new characteristics to
the catalyst. Moreover, we observed similar transformations occurring
during the PT, whatever the nature of the precursor salts used for a given
metal. Specifically, solids with superior catalytic activity are consistently
synthesized under comparable conditions for each metal. In our study,
solids synthesized from iron precursors exhibit enhanced catalytic activity
when the PT is performed at 100°C, whereas for tin precursors, the PT at
AT shows the most promising results.
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Although the impact of each PT type varies from precursors of one metal
to another, a global effect is still apparent. That englobes the
transformation of sulfate or chloride phases into metal oxides, the
modification of the solid’s textural properties, the increase in the amount
of recovered solid, and the corresponding modification of its catalytic
activity.

However, in nearly all cases, conducting a PT at either 100°C or AT
enhances the catalytic performance of GP-synthesized solids. This means
that, depending on the synthesis parameters of preference, such as a lower
synthesis time, less energy input, or a higher yield of recovered solid, one
PT may outperform another.

Consequently, the PT step has proven to be a crucial stage to implement
in plasma-synthesized catalysts. However, contrary to what was stated
before, our experiments show that species generated by plasma do not play
the most important role in the solid transformations occurring during the
PT step. In fact, we demonstrate that, whether plasma species are present
during the PT step or not, the transformations occurring in the solid remain
consistent. The phases conversion and crystal growth observed in this
process primarily reflect a maturation step that involves the solid in a
specific manner, contingent upon the applied heat and the duration of the
step.

However, this does not imply that plasma species present during the PT
step are irrelevant to the process. On the contrary, the NO>™ remaining in
solution during this stage does still facilitate the reaction of ion precursors
remaining in solution when the discharge is switched off, transforming
them into precipitates and thereby increasing the amount of solid formed.
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Abstract

Glidarc plasma (GP) is a promising method for preparing heterogeneous
catalysts thanks to its mild conditions and short processing time. This
technique has been used to synthesize various catalysts like FeOx and MnO.
Adding a Post-Treatment (PT) step during synthesis has been shown to impart
valuable new properties, such as phase transformation, increased specific
surface area, and enhanced catalytic activity. Knowing that the PT step mostly
impacts the plasma-synthesized solids maturation and can be accelerated if
heat is introduced into the system (see Part II, Chapter 3), we now contemplate
the possibility of accelerating the GP catalysts synthesis by allowing the
precursors solution to be heated by the energy spontaneously provided by the
plasma without the necessity to add a PT. To challenge this approach, we
subjected FeSO4and SnSO4 precursors to plasma exposure without employing
the cooling system usually integrated in the GP set-up, and compared the
resulting solids with those obtained via conventional GP synthesis involving
a PT step. The findings show that for iron precursors, the absence of cooling
accelerates the formation of non-catalytically active phases and causes particle
agglomeration, which is undesirable. However, for tin precursors, the absence
of a cooling system introduces features that further improve the catalytic
activity of the solids. Precisely, tin oxide phases developed better than other
less-catalytically active ones without affecting the textural properties of the
solid. This suggests that in some cases, eliminating the PT step can simplify
the GP catalyst synthesis process and reduce its environmental and economic
1mpact.

The results presented in this chapter have been published in:
Fanny Hanon, Eric M. Gaigneaux, Improving the @I;.'_. @
synthesis of heterogeneous catalysts by gliding arc st

plasma using the ‘“no-cooling system”, Applied
Materials Today, Volume 40, 2024, 102408

https://doi.ore/10.1016/j.apmt.2024.102408
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1. Introduction

In chapter 3, it has been observed that including a Post-Treatment (PT) step in
GP synthesis can impart valuable new properties, such as phase
transformation, increased specific surface area, and enhanced catalytic
activity, to the catalysts synthesized by GP (Table 4.1) [61,65]. As a reminder,
the PT step consists of exposing the precursor solution to GP, turning off the
discharge, and allowing the suspension to stand outside the reactor for a
defined duration at a fixed temperature (Figure 3.1). While this procedure is
intriguing for the development of more valuable catalysts, it comes with the
drawback of prolonging the synthesis duration and potentially requiring
additional energy input into the system.

Table 4.1 : Effect of the post-discharge step at 100°C and 25°C on solids synthesized from
iron precursors ((NH4)2Fe(SO4)2 and FeSO4) and tin precursors (SnSO4 and SnClz) [121]

Iron precursors Tin precursors
((NH4)2Fe(SO4)2 and FeSO4) (SnSO4 and SnCl2)
PT at 100°C PT at 25°C for | PT at 100°C | PT at 25°C
for 3h 72h for 3h for 72h
| | e
’ ; 7 for SnCl,
produced SnCl,
Phases ” ;t;‘Foe; > of Fe,05, 7of
developed | Fex(SO4)s, N\ Fex(SOa)s,  of Sn0;
’ FeOHSO4
of FeEOHSO4
% of S or
Cl presents N N N Ny
in the solid
Specific
surface 22 2 N Ny
area
Pore A 2 _
volume
Catalytic 7 for
activity 77 (NHa4)2Fe(S0s): ; 7 77
N for FeSOy4

* s increase ; ** v : decrease

As suggested in the previous chapter, the PT step actually mostly consists of
transforming the plasma-synthesized solid by allowing its maturation.
Furthermore, accelerating this growing process often goes with introducing
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heating to the system during this step [121]. Therefore, to further optimize the
approach, we contemplated the possibility of accelerating the maturation of
GP-synthesized solids by applying heat directly during the plasma exposure.
In conventional plasma synthesis, the GP reactor and the exposed solution are
cooled down using a double jacket with circulating cold water. Consequently,
we explored the idea of omitting this cooling system, i.e. allowing the solution
to get heated by the energy spontaneously provided by the plasma, and
checked whether this is enough to induce rapid maturation.

To challenge this hypothesis, we exposed various types of iron and tin
precursors to the plasma without using the cooling system and compared the
resulting solids with those obtained from conventional GP synthesis, in which
the cooling system was employed during the exposure, and in which a PT step
at 100°C or 25°C was involved afterward. If successful, the “no-cooling
system” would considerably reduce both the synthesis time and energy
provided to the system, while still producing solids with characteristics closely
resembling those obtained by incorporating a PT step. This would align with
the broader objective of developing interesting catalysts through this
innovative, economically viable, and environmentally friendly GP approach.

Since this approach has never been used before, our research, has been
structured as follows. (i) First, we have determined how intense was the
heating naturally occurring from the plasma discharge, and whether it could
cause the exposed solution to evaporate too quickly, thereby altering the
conditions during exposure. (ii) Then the impact of using (or not) the cooling
system during the plasma exposure of the metals precursors solutions has been
investigated via the characterization of the surface (probed by XPS), the bulk
(probed by DRX, EDX, SEM) and the catalytic performance of respectively
recovered solids. (iii) Finally, as the no-cooling approach has not been tested
before in GP-catalysts synthesis, we have sought at investigating the
difference between letting the precursor solution heat during exposure along
the no cooling approach, vs using the cooling system during exposure but
heating the precipitating solids after the GP, applying the post-discharge
approach presented as in Part II, Chapter 3.
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2. Materials and methods
2.1. Materials

Iron(IT) sulfate heptahydrate (FeSO4.7H,0 ; > 99%), tin(II) sulfate (SnSO4 ; >
95%) and tin(II) chloride (SnCl; ; > 99%) were purchased from Sigma Aldrich
and ammonium-iron(Il) sulfate hexahydrate ((NH4).Fe(SO4),.6H>0O ; > 99%)
from Roth.

All the solutions were prepared with demineralized water as solvent.
2.2. Methods
2.2.1. Synthesis device: the GP reactor

The gliding arc plasma system used in this study is the same as the one
presented in Experimental, section 1.

2.2.2. Materials synthesis

In the initial step, demineralized water was exposed to the GP without
employing the cooling system for 1 h, and the temperature of the solution was
monitored every 5 min. This was done to investigate the influence of not
utilizing the cooling system on the heating of the solution.

The precursor solutions were prepared by dissolving 10 mol/L of these
compounds in deionized water. Subsequently, 450 mL of the respective
solutions were introduced into the reactor, stirred magnetically (1 rotation/s)
and exposed to the plasma discharge for 45 min for (NH4)>Fe(S0O4),.6H>0, 60
min for FeSO4.7H,0 and 120 min (1h of exposure, 15 min break, 1h of
exposure) for SnSO4.7H20 and SnCl,. Based on previous studies, either from
literature or in the lab, these exposure times were chosen to synthesize the
catalysts with the best catalytic activity and/or the highest yield of recovered
precipitate [25,56]. The optimal exposure time varies depending on the type
of precursor used.

To assess the influence of the cooling system, solids were synthesized by
either cooling the solution with tap water circulating in the double-jacket
during the exposure (samples named “precursor”) or not using the cooling
system and allowing the solution to heat up during the exposure (samples
named “precursor no cooling”). The solid formed was subsequently recovered
by centrifugation (24490 G, 30 min) and subjected to two washing cycles with
distilled water. All the solids obtained after centrifugation were dried in an
oven under air at 110°C for 22h + 2h and then calcined in a muffle furnace
under air at 400°C for 2h.
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The amount of precipitate formed for iron and tin precursors was measured by
weighing the mass of the solid after drying at 110°C.

The resulting solids were compared with those obtained from classical
synthesis involving a PT step at 100°C for 3 h or at 25°C for 72 h, where the
cooling system was employed during the exposure (see complete synthesis
protocol in Part II, Chapter 3, section 2.2.2 [121]).

2.3. Characterization of the solids formed

All the instrumental characterizations used here (XRD, XPS, SEM, EDX, N,-
physisorption) were done after calcination of the solids formed.

All the characterizations performed in this chapter were carried out as
presented in Experimental, section 2.

All the synthesized solids were also tested catalytically in the total oxidation
of benzene, as presented in Experimental, section 2.

3. Results and discussion

3.1. Impact of the no-cooling system on the temperature of the
exposed solution

When demineralized water is exposed to the GP without using the cooling
system, the temperature of the solution gradually rises and stabilizes around
60°C after 1 h of exposure (Figure 4.1). This indicates that, although the
solution warms up during the exposure, it does not go above the boiling point
of water. Consequently, it remains feasible to expose metal solution precursors
without significantly changing the volume of the exposed solution, thereby
maintaining a consistent distance between the electrodes and the liquid
surface.
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Figure 4.1: Temperature of demineralized water exposed to the GP without using the cooling
system

3.2. Impact of the no-cooling system on solids GP-synthesized

3.2.1. Iron precursors

Regarding the mass of solids formed from iron precursors, it remains
relatively constant with or without the cooling system (Table 4.2). For the
(NHa4)2Fe(SOs4), precursor, the small difference observed between the samples
with and without cooling is considered insignificant as the recovered mass is
already small, and that some solid is always lost during the washing steps.
Therefore, contrary to observations made with the addition of a PT step, the
yield of recovered solids does not increase when the no cooling system is used
instead [121]. This is likely due to the fact that the exposure time remains
identical in both systems, with or without the cooling system. Consequently,
the reactive species (HNO>/NO, [88]) do not have additional time to react
with the precursor, as is the case when a PT step is introduced.

Table 4.2: Mass of solid produced with iron precursors by GP with and without cooling

system
Mass of solid produced
(®
(NHa4)2Fe(SO4)2 0.050
(NH4)2Fe(SO4)2 no cooling 0.040
FeSO4 0.131
FeSOa4no cooling 0.136
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XRD reveals that for both iron precursors, with or without the cooling system,
the resulting solid contains a mixture of hematite (Fe2O3;) and FEOHSO..
However, the mikasaite (Fe2(SO.)s) phase tends to emerge when the cooling
system is not utilized, especially in the solid formed from the (NH.).Fe(SOs).
precursor (Figure 4.2). The appearance of mikasaite can be attributed to the
tendency of FeOHSO,4 to decompose, particularly under heat, into FeOOH
(which transforms into Fe,O3 upon calcination) and Fe2(SQO4)s (Eq.4.1) [103].
This observation aligns with previous findings in classical GP synthesis,
where the addition of a PT step led to similar results (Part I, Chater 3, section
3.1.1). In fact, although the Fex(SO.)s phase develops in both types of PT (3 h
at 100°C and 72 h at 25°C), its presence is notably higher in the diffractograms
of the solids formed when heat is introduced to this step [121].

3FeOHS0, — Fe,(S0,)s + FeOOH + H,0 (Eq.4.1)
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Figure 4.2: XRD data (a) complete range of 2 theta angles measured, (b) zoom on the 20-45°
2 theta range, of solids obtained after calcination with iron precursors with and without
cooling system

For the (NH4),Fe(SO4), precursor, XPS reveals the presence of nitrogen as
NH," ions (as indicated by the position of Nls peak around 402 eV),
suggesting the likely formation of another phase that was not observed by
XRD (Table 4.3). From the at % of N, we understand that this phase is less
present when the cooling system is not used. Moreover, similarly with
observations made in classical GP synthesis where the cooling system is used
and when a PT step is added, the at % of each element at the surface and in
bulk also differs without the cooling system. Therefore, it can be deduced that
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the absence or presence of the cooling system does not improve the
development of a more or less homogeneous (bulk vs surface) solid.

Additionally, the binding energy around 169 eV of the S2p peak acquired
through XPS confirms the presence of iron sulfate phases in each solid (Table
4.3). However, although the at % of S measured by XPS is higher than when
measured by EDX, suggesting that iron sulfate phases predominantly reside
on the outer layer of the solids, the difference between the S at % at the surface
and in bulk is less pronounced than in other GP synthesis method. The higher
at % of S obtained by EDX for the no-cooling samples indicates that the
development of a sulfate phase in bulk is higher in the absence of the cooling
system, corroborating findings from XRD analysis (Table 4.3). These
observations can be elucidated through the hypothetical mechanism of
formation proposed in the Part I, Chapter 3, section 3.1.1 [121]. Upon
exposure to the GP, iron precursors undergo oxidation, where Fe?" ions are
transformed into Fe*" ions by plasma species (Eq.4.2). Subsequently, these
Fe*" ions can interact either with water to form FeOOH or with SO4> from the
precursor to form FeOHSO4 (Eq.4.3, Eq.4.4). Typically, in systems with the
cooling system, there is a higher probability for Fe** to engage with H,O
molecules due to their higher concentration compared to SO4*. However, in
systems where heat is introduced, it is possible that the probability of collision
between SOs* and Fe'* is heightened, consequently leading to the formation
of a higher quantity of FeOHSO4 phase. Since the rate of formation of
FeOHSO4 and FeOOH is less disparate when heat is applied, the likelihood
of formation of one phase over the other becomes more similar. Consequently,
this can result in a solid with a more homogeneous composition of phases,
which is indeed what we observe, evidenced by the less pronounced difference
in at % of S in the solid formed without the cooling system.

Fe?* + NO; + 2H* - Fe3t + NO° + H,0 (Eq.4.2)
Fe3* + 2H,0 —» FeOOH + 3H* (Eq.4.3)
Fe3* + S0}~ + H,0 —» FeOHSO, + H* (Eq.4.4)

Furthermore, as already suggested before and also observed when the PT step
is used, in the no cooling system, the FeOHSO4 phase undergoes more
decomposition due to the heating effect (Eq.4.1) [121]. As it partially
decomposes into Fea(SO4)s, the at % of S increases, given that the S/Fe ratio
in the Fe2(S04); phase (S/Fe =1.5) is higher than in FeOHSO4 (S/Fe =1). This
rise in the at % of S likely reflects the tendency of FeOHSO, to preferentially
decompose into Fex(SO4); rather than into FeEOOH under heating conditions.

184



Chapter 4 — No-cooling system

Notably, if the FeOOH phase (which subsequently decomposes into Fe,Os3
through calcination) had preferentially developed instead of the FeOHSO4
(Fe/0=0.2) and Fe(SO4); (Fe/O=0.17) phases, the Fe/O ratio would increase
towards 0.67. However, observations of the Fe/O ratio in the solids developed
without the cooling system reveal no change. This indicates that the Fe,Os
phase does not seem to develop better without the cooling system, at least at
the surface of the solid (Table 4.3).
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Table 4.3: XPS and EDX data of solids obtained with iron precursors with and without cooling system

Fe (0] S N Fe/O
XPS EDX XPS EDX XPS EDX XPS XPS
(Fe2p) (Ols) * (S2p) (N1s)
BE | (% at) BE | (% at) BE | (% at) BE | (% at)
(eV) (eV) (eV) (eV)
(NHs)2Fe(SOs): | 7108 | 23.8 26 | 5300 | 66.6 72 | 1689 | 65 2 3995 3.1 0.36
(NH2Fe(SO09:2 |51, | 536 26 | 5303 | 67.6 72 11691 | 7.1 5 | 4018 | 1.7 0.35
no cooling
FeSO4 7109 | 264 28 | 5304 | 668 69 | 1695 | 6.8 3 / / 0.40
FeS0. 710.6 | 26.7 19 | 5298 | 674 76 | 168.7 | 5.9 6 / / 0.40
no cooling

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive tape used to fix the sample.
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Regarding the morphology of the solids, unlike the observations made with
the PT, it is evident that the no cooling system tends to result in solids with
less specific surface area and pore volume (Table 4.4) [121].

Table 4.4: Textural properties obtained by N2-physisorption with iron precursors with and
without cooling system (isotherms Supplementary information SI.10)

Specific surface area Pore volume
(m*/g) (cm’/g)
(NHa)2Fe(SO4)2 69 0.18
(NH4)2Fe(SQO4)2 no cooling 32 0.13
FeSOq4 95 0.33
FeSQO4 no cooling 23 0.11

Additionally, the SEM images for FeSOs precursor indicate that solids
produced without the cooling system seem to have less texture on their
surface. This may result from the agglomeration of the “flakes-like” particles
typically observed when the cooling system is used (Figure 4.3: (a) and (b)).
However, it is difficult to conclude that this explains the decrease in specific
surface area, as some particles appear to develop “sea-urchin like” crystals,
which would normally increase the specific surface area of the solid (Figure
4.3: (c)). In fact, it is noteworthy that these “sea-urchin like” crystals that are
formed when the cooling system is omitted during the synthesis for FeSO4 and
(NH4):Fe(SOs4), precursors, are a characteristic structure not typically
observed in conventional GP synthesis utilizing the cooling system (Figure
4.3: (c), (d)). Nevertheless, these “sea-urchin like” crystals are not uniformly
developed throughout the synthesized solids. In fact, certain particles
resemble large, shapeless crystals that agglomerate together (Figure 4.3: (b),

(e)).
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Figure 4.3: SEM images of solids obtained with FeSOq4 (a) with cooling and (b), (c) without
cooling system and obtained with (NH4)2Fe(SO4)2 (d), (e) without cooling system

As previously explained in Part I, Chapter 3, section 3.2, the PT step primarily
involves a maturation process that facilitates crystal growth into the shape of
a “sea-urchin like” structure, resulting in particles with a higher specific
surface area in the case of solids derived from iron precursors [61,121]. In the
absence of the cooling system, although the heat introduced during the
synthesis seems to initiate the maturation of the crystals formed during the
discharge, it does not afford sufficient time for the complete formation of these
distinctive crystals. Consequently, direct application of heat during particles
formation predominantly induces their agglomeration, thereby reducing the
specific surface area of the catalyst.

With the information obtained from XRD, XPS, EDX, N»-physisorption and
SEM images, we can propose a mechanism of formation of the solids when
iron precursors are exposed to the GP as illustrated in Figure 4.4.
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Figure 4.4: Mechanism of formation of solids obtained with iron precursors with and without

cooling system

Concerning the catalytic activity of plasma-synthesized solids, a decline is
observed when the cooling system is not used for both precursors (Figure 4.5).
This observation was expected as the absence of cooling system tends to result
in the development of solids with a higher proportion of non-catalytically
active phase (Fe2(S0O4)3) compared to the active phase (Fe,Os) and reduce their
specific surface area and pore volume. In fact, compared to commercial Fe,Os3
(iron(II) oxide, Alfa Aesar, 30-60 m?/g), the catalytic activity of the
developed solid is only comparable or better if the cooling system is used in
the GP catalysts synthesis (Figure 4.5). Consequently, in the case of solids
derived from iron precursors, the no cooling system fails to impart beneficial
characteristics able to compete those achieved with the cooling system and the
PT step.
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Figure 4.5: Catalytic performances of solids formed from iron precursors with and without
cooling system for the total oxidation of benzene (conversion of benzene as function of
reaction temperature)

3.2.2. Tin precursors

Regarding the mass of the solid formed from tin precursors, it remains largely
unchanged regardless of the presence or absence of the cooling system (Table
4.5). As explained before, contrary to what was observed when a PT step was
applied, as the exposure time is identical in both systems, the reactive species
(HNO2/NO; [88]) do not have additional time to react with the precursor,
resulting in an unchanged yield of precipitate solid.

Table 4.5: Mass of solid produced with tin precursors by GP with and without cooling system

Mass of solid produced
€]
SnSO4 0.686
SnSO4no cooling 0.622
SnCl, 0.674
SnCl: no cooling 0.704

The XRD diffractograms of the solids derived from tin precursors reveal that
the phases developed with or without cooling system are the same. In both
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precursors, the phase developed is cassiterite (SnO>), resulting from the
dehydration of the Sn(OH)4 formed in solution during the solid’s drying steps
(Figure 4.6).
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Figure 4.6: XRD data of solids obtained after calcination with tin precursors with and without
cooling system

As observed for iron precursors, XPS and EDX data highlight that the at % of
each element at the surface and in bulk consistently differs with or without
cooling system, indicating the heterogeneous (bulk vs surface) composition of
the precipitates (Table 4.6).

XPS data reveal the presence of sulfur (as SO4>) for solids formed from SnSO4
and Cl (as CI") for SnCl,, as indicated by the positions of S2p and Cl1s (Table
4.6), suggesting the likely formation of another phase that was not observed
by XRD. Furthermore, the at % of S and Cl at the surface is consistently higher
than in bulk, where they are almost negligible, implying that tin sulfate or tin

chloride phases predominantly exist on the outer layer of the solids (Table
4.6).

XPS analysis also indicates that the at % of S or ClI is lower when the cooling
system is absent, suggesting a diminished presence of sulfate or chloride
phases at the surface (Table 4.6). Referring back to the proposed mechanism
of solid formation from tin precursors outlined in the Part I, Chapter 3, section
3.1.2, it is known that SnCl, and SnSO, undergo spontaneous hydrolysis to
form hydroxychloride (SnOHCI) or hydroxysulfate (SnsO(OH).SO.)
intermediates [121]. These intermediates are subsequently quickly oxidized
by plasma species, resulting in the formation of tin hydroxide, Sn(OH)., which
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ultimately transforms into the more stable phase, SnO, (Eq.4.5, Eq.4.6,
Eq.4.7). Consequently, with the reduced presence of S or Cl at the surface of
the solid in the absence of the cooling system, it can be inferred that the
transformation of the intermediate phases occurs more efficiently under
elevated temperatures. This inference is supported by the well-established
tendency of Sn?* ions to oxidize to Sn*" at high temperatures, offering a
plausible explanation for these observations [122,123].

35nS0, + 3H,0 —» Sn;0(0H),S0, + 4H* + 2502~ (Eq.4.5)
SnCl, + H,0 - Sn(OH)Cl + HCl (Eq.4.6)
Sn?* + 2NO; - Sn(0H)4 + 2NO° + H,0 (Eq.4.7)

However, looking at the Sn/O ratio of these solids, we cannot tell that the
chloride and sulfate intermediates only undergo oxidation to form Sn(OH)s4,
but they seem to also form another tin (hydr)oxide phase under heat (Table
4.6). If the Sn3O(OH)2SO4 (Sn/0O=0.43) or Sn(OH)CI (Sn/O=1) intermediates
were exclusively oxidized into SnO> (Sn/O=0.5), the Sn/O ratio of the
resulting solid would be closer to 0.5. However, even with the cooling system,
the value already exceeds 0.5 and is even higher without the cooling system
(Table 4.6). Furthermore, as the at % of S or Cl indeed decreases, it means
than another tin oxide phase with a higher Sn/O ratio is likely to form. It is
conceivable that this phase corresponds to SnO (Sn/O=1) originating from
Sn3;O(0OH),S0O4 or Sn(OH)CI, which were not oxidized but rather transformed
into tin(I) oxide, namely an observation that was already made when a PT
step was applied to a classical GP synthesis. Consequently, without the cooling
system, it is plausible that a solid containing a mixture of SnO, and SnO
phases is generated, wherein less tin sulfate or tin chloride phases remain
compared to the solid obtained when the cooling system is utilized in its
preparation.
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Table 4.6: XPS and EDX data of solids obtained with tin precursors with and without cooling system

Sn (0] SorCl Sn/O
XPS EDX XPS EDX XPS EDX | XPS
(Sn3d) (O15s) * (S2p or Clls)
BE (at %) BE (at %) BE (at %)
(eV) (eV) (eV)

SnSO4 487.0 334 14 531.2 63.7 85 169.3 2.9 1 0.52
SnSO4no cooling 486.9 34.6 17 530.8 63.6 82 169.4 1.8 1 0.54
SnCl: 486.6 35.2 29 530.7 63.4 71 199.1 1.4 0 0.56
SnCl: no cooling 486.7 36.6 28 530.7 62.8 72 198.5 0.7 0 0.58

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
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Regarding the texture of the solids, whether the cooling system is used or not,
there is no substantial difference in the specific surface area or pore volume
(Table 4.7). In contrast to observations made with the PT, applying heat to the
system does not notably decrease the specific surface area. This is likely
attributed to the fact that in the absence of the cooling system, the particles
have less time to agglomerate compared to when a PT step is included in the
synthesis protocol.

Table 4.7: Textural properties obtained by N>-physisorption with tin precursors with and
without cooling system (isotherms Supplementary information SI.11)

Specific surface area Pore volume
(m*/g) (cm’/g)
SnSO4 162 0.13
SnSOa4no cooling 142 0.14
SnCl2 146 0.11
SnClz no cooling 164 0.10

With the information obtained from XRD, XPS, EDX and N»-physisorption,
we propose a mechanism of formation of the solids when tin precursors are
exposed to the GP as illustrated in Figure 4.7.
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Figure 4.7: Mechanism of formation of solids obtained with tin precursors with and without

cooling system

Regarding the catalytic activity of solids derived from tin precursors, it is
enhanced when the cooling system is not used. (Figure 4.8). These results
align with the previously discussed characteristics. As the no cooling system
facilitates the transformation of tin sulfate or chloride phases into more
catalytically active phases (tin (IV and II) oxides) at the surface of the solid
without altering the texture of the solids, it thereby enhances the catalytic
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activity of the obtained solids. Furthermore, compared to SnO, synthesized by
classical precipitation with base (NH3) addition precipitation, the tin-based
catalysts synthesized by GP are already more catalytically active when the
cooling system is used. However, their catalytic activity becomes even more
competitive when the cooling system is not used [118].
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Figure 4.8: Catalytic performances of solids formed from tin precursors with and without
cooling system for the total oxidation of benzene (conversion of benzene as function of
reaction temperature)

3.3. Can the no-cooling system replace the PT step in the GP
catalysts synthesis?

We have previously shown that conducting a PT step either at 100°C for 3 h
or at 25°C for 72 h irrespective of the precursor type, is an interesting process
to increase the quantity of recovered solids and/or introduce intriguing new
characteristics to the catalyst [121]. In fact, the PT effectively transforms the
sulfate or chloride phases, which may have formed during the discharge, into
metal oxides. Furthermore, it influences the textural properties of the solid,
increases the amount of recovered solids and, in most cases, enhances its
catalytic activity.

On the contrary, the no cooling system does not consistently improve the
properties of solids generated by GP. For iron precursors, synthesis without
cooling system results in a higher proportion of Fe»(SO4); and less of the
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catalytically active phase Fe»O;. Furthermore, the direct application of heat
during particles formation predominantly promotes their agglomeration,
reducing specific surface area, pore volume, and thus overall catalytic activity.
However, for tin precursors, synthesis without cooling system increases the
amount of catalytically active phase (tin (Il and I'V) oxides), reduces tin sulfate
or chloride phases remaining at the surface, and maintains a high specific
surface area, yielding a more active catalyst compared to synthesis with
cooling.

This finding is intriguing, particularly considering that conducting a PT at
100°C for 3h proved to be more beneficial for iron precursors than for tin
precursors. It suggests that heat applied during the PT step (maturation), is
advantageous for iron precursors, whereas heat applied directly during the
discharge (nucleation) is not. Several factors may explain these differences.
Firstly, for iron precursors, exposure to discharge initially produces phases
such as FeEOHSO4 and FeOOH. However, the formation of these phases is
influenced by the introduction of heat, altering the rate at which one phase
develops preferentially to another. Moreover, as observed when incorporating
a PT step, the FEOHSO4 tends to decompose into Fe>(SO4); and FeOOH, a
transformation that heat accelerates. Therefore, without cooling system, heat
applied directly during the discharge already triggers the transformation of
FeOHSOj that seems to preferentially decompose into Fex(SO4); rather than
FeOOH, bypassing the desired phase evolution. Additionally, while elevated
temperatures during PT encourage the maturation of solids into "sea-urchin-
like" crystals, heat applied during particle formation primarily promotes
agglomeration, reducing the specific surface area and pore volume of the
catalyst. Consequently, for iron-based solids, it is less favorable to introduce
heat directly during the nucleation step rather than during the maturation step.

On the other hand, the no cooling system for tin precursors leads to catalysts
with more intriguing characteristics and even more active than those
synthesized with a PT step. Interestingly, as observed with PT step, heat
introduced into the system seems to improve either the oxidation of tin sulfate
and tin chloride intermediates into SnO; or accelerate their decomposition into
SnO, thus promoting the formation of more catalytically active phases.
Furthermore, unlike PT step, where extended synthesis time and heat often
lead to particle agglomeration and reduce specific surface area, the no cooling
system avoids these drawbacks by limiting the process to the duration of the
discharge exposure. As a result, the specific surface area remains relatively
unaffected, achieving the benefits off the PT without its negative effects.
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Ultimately, this approach enables the creation of more catalytically active
solids by significantly reducing the synthesis time that would normally be
required if a PT step were to be included.

4. Conclusion

In the aim of exploring the possibility of accelerating the maturation of GP-
synthesized solids by directly applying heat during plasma exposure, we
subjected various iron and tin precursors to plasma exposure without
employing the cooling system and compared the resulting solids with those
obtained through conventional synthesis involving a PT step at either 100°C
for 3 h or at 25°C for 72 h.

Our findings showed that for iron precursors, the absence of cooling led to
more less catalytically active phases (FeOHSO4 and Fex(SO4)3) and fewer
catalytically active phases (Fe>O3) compared to when the cooling system was
employed during the synthesis. Moreover, the direct application of heat during
particles formation induced their agglomeration, resulting in a reduction of
specific surface area and pore volume, consequently diminishing the catalytic
activity of the formed solids.

In contrast, for tin precursors, solids developed without the cooling system
had more catalytically active phases (tin (II and IV) oxides) and fewer less
active tin sulfate or chloride phases on the surface. Additionally, the specific
surface area was relatively unaffected by the heat. Therefore, this yielded a
catalyst that was more active compared to that synthesized with the cooling
system.

Therefore, we can conclude that, much like with the PT step, the results
obtained vary from one precursor to another, while following a common
pattern for precursor salts of the same metal. For certain precursors, the
absence of a cooling system cannot replicate the interesting characteristics
developed with the PT step, while for others, it appears to introduce even more
intriguing features. When favourable, the no cooling system becomes notably
interesting, as it can potentially replace the PT step. In fact, in the no cooling
approach, no additional heat is introduced, as we allow the solution to be
heated by the energy naturally provided by the plasma discharge.
Consequently, this drastically reduces the energy cost of the synthesis.
Additionally, we can significantly decrease the synthesis time, thereby
reducing both the energy and economic impacts of the synthesis. This system
could, therefore, represent an interesting approach to improving the overall
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GP catalyst synthesis process, by reducing its environmental and economic
footprint.
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Abstract

This chapter investigates the feasibility of synthesizing solid materials by
introducing a metal precursor into plasma-activated water (PAW) rather
than directly exposing it to the GP discharge. This alternative approach
aims to enhance the economic and ecological benefits of GP catalyst
synthesis by eliminating the need for reactor cleaning between exposures
of different precursor solutions. The study builds on some of our previous
discovers, that long-lived reactive species, particularly HNO: and NO:,
were identified as key agents in the precipitation of metal precursors
during GP exposure (Part I, Chapter 1). The primary objective was to
assess whether these long-lived species could be generated in PAW in
sufficient quantities and with enough stability to initiate the precipitation
of various metal precursors added afterward. Experiments with different
precursors (FeSOs, KMnO4, SnSO.) demonstrated that the long-lived
species in PAW were indeed capable of inducing solid formation with
some similar characteristics to those obtained through direct GP exposure.
However, the study revealed differences in precipitation mechanisms
between the two methods, leading to some variations in the solids'
characteristics, such as a limited oxide transformation in PAW synthesis,
resulting in solids with different textural properties. Furthermore, the
long-lived species in PAW were found to be stable long enough to trigger
precipitation of the FeSO4 even after a delay before precursor addition,
even though the reproducibility of the resulting solids were variable. The
findings confirm the viability of using PAW to synthesize solids, although
differences in nucleation and maturation processes between PAW and
direct GP methods result in distinct material properties.
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1. Introduction

As suggested in the General Introduction, section 3.3.2, the GP catalysts
synthesis offers interesting conditions when compared to alternative
synthesis methods. One of the most significant advantages is the mild
conditions and short processing time it requires. Additionally, this
approach can be considered eco-friendly and cost-effective, as the only
chemical used to generate these reactive species is water-saturated air,
which is non-polluting, available, and renewable [61]. However, the
synthesis conditions can still be improved. For example, while no other
chemical than air and water are necessary for the reaction, this is not the
case for the washing steps of the reactor. Currently, the GP reactor used
for catalyst synthesis is a batch reactor. Therefore, it requires a washing
step between each type of precursor exposure to prevent any
contamination between samples. In our case, diluted HCl is used, followed
by several rinsing steps with a large volume of water. This process takes
time and generates waste water containing chemicals that need to be
collected and treated as chemical waste. This diminishes the ecological
and time-saving advantages of GP synthesis.

In Part I, Chapter 1, we discovered that long-lived species are the main
plasma species responsible for the precipitation of precursors exposed to
the GP plasma. Therefore, we wondered if it might be possible to perform
the precipitation reaction of the precursors by first exposing water to the
GP, recovering it, and then adding different precursors in this water,
yielding to similar precipitates to those obtained when exposed directly to
the discharge. This process is comparable to what is already known in the
literature as “plasma activated water” (PAW) [52,85,124]. In fact, reactive
oxygen and nitrogen species (RONS) created in the exposed water have
been highlighted as essential players in many applications. Among these
RONS, some have a long enough lifetime to remain present in the exposed
medium after for some time, such as HNO»/NO;, NOs", H,O, and Os. The
concentration and type of the reactive species present in PAW depend on
the way their generation is achieved, including the plasma type, plasma
exposure time, input voltage, storage time, water source (distilled or
demineralized), and plasma gas. In addition to creating species, the
interaction between water and plasma affects the physicochemical
properties of PAW, such as decreasing the pH, increasing the electrical
conductivity and the oxidation-reduction potential. The use of PAW
instead of directly exposing the medium to the plasma has already been
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investigated in biomedical, food, and agricultural technologies
[52,85,124].

The interest of this method lies in not directly exposing a medium
containing the material to the discharge but instead utilizing a medium
pre-exposed to the discharge and adding the material to it. This is possible
when long-lived species created are the species of interest. In our case, it
was previously discovered that the plasma species responsible for the
redox reaction followed by the precipitation process of the precursors
exposed to the GP are mainly these long-lived species, specifically HNO»
and/or NO»" species.

Therefore, the aim of this chapter is to determine if it is possible to
precipitate similar solids using PAW as those obtained when precursors
are directly exposed to the GP discharge. This could be achieved by simply
exposing demineralized water to the GP and recovering the PAW, where
the precursor can be added afterward. If successful, this method might
result in potentially eliminate the need for the reactor washing step, thus
decreasing the synthesis time and reducing the chemical waste created by
the process. The purpose would be to decrease the economic and ecologic
impact of GP catalysts synthesis, thereby enhancing its appeal.

2. Materials and methods
2.1. Materials

Iron(I) sulfate heptahydrate (FeSO4.7H,O ; > 99%) and tin(Il) sulfate
(SnSO4 ; = 95%) were purchased from Sigma Aldrich and potassium
permanganate (KMnOys ; > 99%) from Thermo Scientific.

All the solutions were prepared with demineralized water as solvent.
2.2, Methods
2.2.1. Synthesis device: the GP reactor

The gliding arc plasma system used in this study is the same as the one
presented in Experimental, section 1.

2.2.2. Materials synthesis

For the solids not synthesized from PAW, the precursor solutions were
prepared by dissolving 102 mol/L of these compounds in demineralized
water. Subsequently, 450 mL of the respective solutions were introduced
into the reactor, stirred magnetically (1 rotation/s), and exposed to the
plasma discharge for 30 min for KMnQj4, 60 min for FeSO4.7H,0 and 120
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min (1h of exposure, 15 min break, 1h of exposure) for SnSO4.7H,0.
Based on previous studies, either from literature or in the lab, these
exposure times were chosen to synthesize the catalysts with the best
catalytic activity and/or the highest yield of recovered precipitate [25,56].
The optimal exposure time varies depending on the type of precursor used.

For the solids synthesized from PAW, 450 mL of demineralized water was
stirred magnetically (1 rotation/s) and exposed for 30 min for KMnOs, 60
min for FeSO4.7H,0O and 120 min (1h of exposure, 15 min break, 1h of
exposure) for SnSO4.7H,O precursors. After exposure, the PAW was
recovered, and each type of precursor was directly solubilized in it. Since
some water evaporated during the plasma exposure, the recovered PAW
was weighed to determine its remaining volume, and therefrom adjust the
exact amount of precursor needed to achieve a concentration of 102 mol/L
for each of them. After adding the precursor, the solution was stirred at
ambient temperature for 30 min for KMnOs, 60 min for FeSO4.7H,O and
120 min for SnSO4.7H,0.

We also investigated the effect of letting the PAW rest before adding the
precursor FeSO4.7H,0. To do so, 450 mL of deionized water was stirred
magnetically (1 rotation/s) and exposed for 60 min to the GP. After
exposure, the PAW was recovered and allowed to rest at ambient
temperature while being stirred magnetically (3 rotations/s) for 30, 60 and
90 min before adding the required amount of precursor to reach a 10
mol/L solution. After adding the precursor, the solution was stirred (3
rotations/s) at ambient temperature for 60 min.

The solid formed was subsequently recovered by centrifugation (24490 G,
30 min) and subjected to two washing cycles with distilled water. All the
solids obtained after centrifugation were dried in an oven under air at
110°C for 22 h = 2 h and then calcined in a muffle furnace under air at
400°C for 2 h.

For your information, some of the solids presented here have identical
synthesis conditions as in previous chapters but do not have identical
properties and features. In fact, because we have realized that synthesis
conditions (such as air humidity, temperature, etc) may impact the
reproducibility of the synthesis, all the materials discussed in this chapter
have been resynthesized in a same short period of time. Consequently, the
reader should not be surprised that some solids presented here do not
exactly match the characteristics described in previous chapters.
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2.2.3. Stability of reactive species created in PAW

To quantify the amount and stability of some long-lived species generated
in our medium, 450 mL of demineralized water was exposed to the
discharge for 60 min. Subsequently, the solution was stirred (3 rotations/s)
at ambient temperature for 120 min and analysed by UV-visible
spectroscopy (Shimadzu UV-3600 PLus) at 15, 30, 45, 60, 90 and 120
min. The conditions used were the same as in the Part I, Chapter 1, section
2.2.3. The samples were contained in a quartz cuvette (100-QS, Hellma
Analytics) of a standard optical path of 10 mm. The transmission spectrum
is recorded from 200 to 300 nm with photomultiplier tube (PMT) detector
since the absorption spectrum of long-lived species extends below 300 nm
and that no absorption occurs in the visible and near infrared ranges (400—
900 nm) [77].

The long-lived species quantified in this activated water were NO3™ and
NO; species. The quantifications of these species was performed as
presented in the Part I, Chapter 1, section 2.2.3. Calibration curves using
NaNO, and NaNOs were established (Supplementary Information SI.1).
The matrix used to measure the blank is pure demineralized water. The
measurement of NO;™ intensity absorbance was performed at 240 nm, as
it exclusively absorbs at this wavelength. Quantification of NO3™ was
performed by measuring the absorbance at 210 nm, with the contribution
from previously calculated NO, absorbance subtracted (Supplementary
Information SI.2). Along the experiment, the pH of the solution was
measured at 15 min intervals. The impact of pH on this quantification was
previously reported in the literature and taken into account here to select
the appropriate wavelengths for our analysis [77].

2.2.4. Yield of formed solid

The quantity of precursors transformed into a precipitate was quantified
by UV-visible spectroscopy for KMnO4 and FeSOs using the same
conditions as in Part I, Chapter 1, section 2.2.3. MnOy™ ions absorb within
the wavelength range of 425 to 625 nm, with a maximum absorbance at
525 nm. Therefore, it is possible to determine the quantity of KMnOj, that
has reacted by analyzing the solution before and after the solid synthesis.
To avoid an absorbance saturation, all KMnQO, solutions were diluted 8
times. On the other hand, to distinguish the presence of Fe** ions from the
FeSO4 precursor, the introduction of a complexing agent is imperative.
When combined, Fe*" and 1,10-phenanthroline (phen) interact in a 1:3
ratio, forming an orange-red coloured complex [Fe(phen);] when in
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aqueous medium (Eq.5.1). To quantify this complex, the absorbance is
gauged at 510 nm via UV-visible spectroscopy. As for KMnO,
quantification, the evaluation of reacted Fe?" necessitates an analysis of
the solution before and after the solid synthesis. To perform this
experiment, a solution containing 66 uL of the sample is mixed with 5 mL
of a phen solution (100 mg of phen in 100 mL of demineralized water)
within a 100 mL flask. After a mixing period of 15 min to allow a full
colour development, the flask is then filled to the mark with deionized
water.

Fe?* + 3phen - [Fe(phen);|** (Eq.5.1)

The final yield of formed precipitate for each experiment was computed
using Eq.5.2.

precursor]; — [precursor]

[precursor];

Yield(%) = <[ > * 100 (Eq.5.2)
A calibration curve was established for both precursors in order to
determine the quantity of MnOs and Fe®* within the solutions
(Supplementary Information SI.3).

For SnSQ4, the amount of solid formed was quantified by weighing of
solid recovered after the drying step, assuming that only SnO, was
produced. This approach was used with tin precursors because the larger
quantity of solid formed allowed for more accurate measurement by
weighing the recovered material. In contrast, iron and manganese
precursors produced only a small amount of solid (around 100 mg),
increasing the potential for error in weight measurements.

2.3. Characterization of the solids formed

All the instrumental characterizations used here (XRD, XPS, SEM, EDX,
N»-physisorption) were done after calcination of the solids formed.

All the characterizations performed in this chapter were carried out as
presented in Experimental, section 2.

All the synthesized solids were also tested catalytically in the total
oxidation of benzene, as presented in Experimental, section 2.

3. Results and discussion
3.1.  Lifetime of long-lived species present in PAW

As explained in the introduction, it was previously discovered that the
plasma species identified as mainly responsible of the redox reaction
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followed by the precipitation of metal precursors exposed to the GP are
the HNO, and/or NO;" species. The interest in these species lies in their
classification as long-lived species, allowing them to persist in the
aqueous phase exposed to the discharge for a certain period. However,
before determining if PAW can be used as a medium with sufficient
reactive species to trigger the reaction of metal precursors that would be
dissolved in it after its “activation”, we need to confirm that these active
HNO:; and/ or NO;" species are indeed present in the PAW and determine
their stability over time.

By looking at the amount of some long-lived created in distilled water
exposed to the GP discharge and then left at AT for 2h, we observe that the
amount of NO; decreases over time, while the amount of NO3™ increases
(Figure 5.1). This can be explained by the fact that HNO, is not
thermodynamically stable at low pH (< 2.6) and tends to slowly
disproportionate to NO and NOjs". Previous literature has reported that the
nitrite concentration increases with the time of plasma exposure, reaches
a plateau, and then slowly decreases, while the nitrate concentration
continuously increases [31,33,49]. It is also possible that NO,™ ions react
with H>O; to transform into NOj;™ [85]. However, this hypothesis is not
considered here as H,O, was never observed as a species formed under
our plasma conditions.

The maximum amount of NO, present in the medium is immediately after
exposure and immediately decreases over time (Figure 5.1). This indicates
that the species identified as the main active agents are not stable enough
to conclude that the PAW created in our conditions can be used as reactive
medium for the precipitation of precursors for an undefined period of time.
However, it is worth noting that after 2h of resting, more than 50% of the
initially created nitrite species remain in the solution. Therefore, it is
possible that this amount is still sufficient to trigger the precipitation of
some precursors. Furthermore, we previously stated that although HNO>
and/or NO, were identified as active species in the precipitation, they may
not be the only species triggering the process. Thus, the study performed
here is not comprehensive enough to determine the stability of other long-
lived species that may also impact the precipitation process. To complete
the analysis of using PAW for GP catalysts synthesis, it would have been
valuable to identify other long-lived species generated in our medium and
study their effects on the precipitation of the precursors exposed to the GP.
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Figure 5.1 : Concentration of NO> and NOs in demineralized water exposed to the GP
for 1h before resting at AT for 120 min

3.2. Investigation of the impact of PAW for catalysts synthesis

By comparing the yield of formed precipitate for KMnO4 and SnSOs, it is
slightly smaller when these precursors are added to PAW than when they
are directly exposed to plasma discharge (Table 5.1). This might be
expected because, in the PAW formation of solid process, precursors are
added to the PAW then left for the same duration that they are normally
exposed to the discharge. However, as discussed in the previous point,
HNO:; and/or NO;™ species, identified as the mean reactive species in the
previous Part I, Chapter 1, tend to transform over time into NOj3", which
was identified as non-active species. Yet, this shows that, HNO, and/or
NO; species can react in a delayed manner with the metal precursors,
although getting simultaneously degraded over time. Additionally,
compared with the direct exposure, where HNO, and/or NO, are
continuously generated, in the PAW, HNO, and/or NO;" are consumed by
the precipitation process. Consequently, at the end, a smaller amount of
HNO:; and/or NO; is there to react with the precursor in PAW, making it
logical that the amount of recovered precipitates is smaller in the latter
approach.

However, this hypothesis is not confirmed with FeSO4, as for this
precursor, the yield of recovered precipitate is higher when added to PAW
(Table 5.1). In previous Part I, Chapter 1, section 3.3, we discovered that
using O, as the plasma gas instead of humid air increased significantly
more the yield of the precipitate formed from FeSO4than for KMnOs.
Therefore, it is possible that other long-lived species, not identified and
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with a longer lifetime than HNO- and/or NO;™ species, are still present in
PAW, potentially explaining the high yield of precipitate with FeSOa.

Table 5.1: Yield of formed precipitate for FeSO4, KMnO4 and SnSO4 exposed to GP or

added to PAW
Yield of formed precipitate

(%)

FeSO4 44
FeSO4 PAW 68
KMnO4 20
KMnO4 PAW 15
SnSO4 100
SnSO4 PAW 68

Concerning the phases developed, XRD diffractograms of the solids
formed show that they are the same if we directly exposed the precursor
to the discharge or just added it in a PAW (Figure 5.2). In the case of
FeSOs, the resulting solid is identified as the FeOOH phase before
calcination and a mixture of Fe,O3; and FeOHSO, after calcination, while
for KMnOs, the formed solid corresponds to the KMnO, phase and for
SnSQs4, to the SnO, cassiterite, before and after calcination (Figure 5.2,
Supplementary Information SI.12). Noted that the KMnO, phase is
actually a polymorph of MnO (birnessite) that is non-stoichiometrically
composed. In this structure, K* ions are inserted into the channel of the
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materials, and some Mn** ions are either missing, or replaced by Mn>* ions
[24].
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Figure 5.2: XRD data of solids obtained after calcination with FeSO4, KMnO4 and
SnSO4 exposed to GP or added to PAW

For all the solids formed by PAW, more S or K is present both at their
surface and in the bulk (Table 5.2). The binding energy of the XPS peaks
of S 2p corresponds to SO4> groups (168.9 eV). This could indicate that
the sulfate precursors are less transformed into oxides when added to
PAW than when directly exposed to the GP.

For SnSO., this is plausible because, as seen in Part I, Chapter 3, section
3.1.2, when dissolved in water, it releases Sn?* ions that spontaneously
oxidized to form Sn(OH), or undergo hydrolysis to produce tin
hydroxysulfate. Plasma species can either oxidize Sn?* ions that have not
had sufficient time to react spontaneously with water or oxidize
Sn30O(0OH)2S0O4 into Sn(OH)4. In PAW, it is possible that less oxidation
occurs, resulting in more SnsO(OH)2SO4 remaining.

For FeSQ,, under dissolution, Fe?* are released and oxidized by plasma
species into Fe*. In an aqueous environment, Fe®*" ions are unstable,
prompting their spontaneous hydrolysis into FeOOH if the medium is not
sufficiently acidic. Additionally, Fe®*" can also react with other ions
present in the medium, such as SO.?ions originating from the precursor,
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forming FeOHSO.. It appears that slightly more of this hydroxysulfate
phase is present for the solid synthesized in PAW.

For KMnOsy, it is more challenging to interpret the amount of K remaining
in bulk or at the surface. However, this may be due to the washing step. In
fact, this solid consists of very small particles that do not adhere well on
the surface of the centrifuge tube. Therefore, to avoid losing too many
particles during the washing step, less liquid was removed between each
washing stage. As a result, each washing used less clean distilled water
compared to other precursors. Consequently, the remaining K in the solid
may primarily come from the precursor that did not react and was not
washed away completely before drying.
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Table 5.2: XPS and EDX data of solids obtained with FeSO4, KMnO4 and SnSO4+ exposed to GP or added into PAW

Fe or Mn or Sn (0] SorK
XPS EDX XPS EDX XPS EDX
(Fe2p ; Mn2p ; Sn3d) (O1s) * (S2p ; K2p)
BE (% at) BE (% at) BE (% at)
(eV) (eV) (eV)

FeSO4 710.9 26.5 28 530.4 66.6 69 169.5 6.8 3
FeSO4 PAW 711.3 21.3 24 532.0 70.7 73 169.1 8.0 3
KMnOg4 642.0 19.8 25 529.5 63.8 67 2924 16.4 7
KMnO4 PAW 642.1 20.9 27 529.6 60.3 64 292.5 18.8 9
SnSO4 487.1 335 23 530.6 63.5 75 169.4 2.9 2
SnSO4 PAW 487.6 335 20 531.9 61.7 78 169.5 4.7 2

* The at % of O obtained by EDX is likely overestimated due to the underlying adhesive carbon tape used to fix the sample.
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Regarding the texture of the solids, the specific area and/or pore volume
vary depending on whether the precursors were directly exposed to the
discharge or added in PAW (Table 5.3). For FeSOj4 the specific surface
area and pore volume are approximately the same. For KMnOs, the
specific surface area is the same, but the pore volume is slightly higher for
solids obtained by PAW. This increase in pore volume may be due to
greater agglomeration in PAW, leading to increased interparticle porosity
and pores size. In the case of SnSO4, both the specific surface area and
pore volume are significantly smaller when the solid is synthesized by
PAW.

This highlight that the precipitation process and maturation of the particles
likely differ when exposing the precursor directly to the discharge
compared to adding it to PAW. This can be understood by examining the
parameters influencing the precipitation process. As described in the
General Introduction, section 2.1.2, the process of forming a solid from a
solution involves several steps: supersaturation, nucleation, growth, and
eventually maturation [13]. Supersaturation, the prerequisite for
nucleation, can be achieved through chemical methods, by adding a
coprecipitating agent [13], which is what occurs in our case. Exposure to
GP creates reactive species, such as long-lived species previously
identified as precipitating agent, which trigger the oxido-reduction of the
precursor followed by the precipitation process.

In our system, when the precursor is exposed to the discharge, the
precipitating agent, HNO, and/or NOy, is slowly added to the solution as
it forms during the discharge. Consequently, the reaction between these
species and the precursor occurs slowly, while the concentration of the
precipitating agent remains likely relatively constant since it is
continuously created during exposure. Conversely, in PAW, all the
precipitating agents are already present in the solution when the precursor
is added. Therefore, the reaction between the plasma species and the
precursor happens quicker, decreasing the concentration of the
precipitating agent, which is no longer created in the medium. Under these
conditions, we can expect that the nucleation regime criteria become more
stringent as the precursor concentration decreases rapidly, compared to
when the chemical coprecipitating agent is added slowly. This may result
in the formation of larger particles in PAW synthesis.
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Table 5.3 : Textural properties obtained by N2-physisorption of solids obtained with
FeSO4, KMnO4 and SnSOq4 exposed to GP or added to a PAW (isotherms Supplementary

information SI.13)
Specific surface area Pore volume
(m’/g) (cm*/g)
FeSO4 95 0.33
FeSO4 PAW 95 0.29
KMnO4 29 0.12
KMnOs PAW 30 0.17
SnSO4 162 0.13
SnSO4 PAW 15 0.03

Regarding the morphology of the solids, no significant difference is
observed between samples synthesized by direct exposure of the precursor
or by adding it to PAW for FeSO4 and SnSOj4 (Figure 5.3: (a) and (c)). This
is surprising for SnSQs, as the textural properties between the two solids
are so different that we expected to observe some difference of
morphology between them. However, even in PAW, the spherical particles
that we normally observe were able to develop. For KMnOs, although the
particles developed seem to have the same shapes, in PAW, they appear to
be an agglomeration of particles forming more spherical shape in the end
(Figure 5.3: (b)). This agglomeration may be the reason why the
interparticular volume increases in No-physisorption.
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Figure 5.3: SEM images of solids formed with (a) FeSO4 (i) exposed to GP or (ii) added
to a PAW; (b) KMnOjs (i) exposed to GP or (ii) added to a PAW ; and (c) SnSO4 (i)
exposed to GP or (ii) added to a PAW

All these observations suggest that although the long-lived species created
in PAW are present in sufficient amounts and for a sufficient duration to
develop solids with some characteristics similar to those obtained by
directly exposing the precursor to the discharge, they also highlight that
the precipitation mechanism differs between the two types of synthesis,
resulting in solids with also distinct characteristics.

3.3.  How long after the exposure PAW can be used for the
catalysts precipitation ?

To investigate the effect of waiting before adding the precursor to a PAW,
we focus on using the FeSO, precursor. As already evoked, the yield of
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precipitate formed for this precursor is higher for solids synthesized by
PAW than by direct exposure of the precursor. However, if we wait before
adding the precursor to the PAW, the yield decreases (Table 5.4). We could
expect that, as we observed in this Chapter 5, section 3.1, the quantity of
reactive species, in this case HNO, and/or NO,, decreases over time,
resulting in fewer reactive species available to react with the precursor to
form less precipitate (Figure 5.1). However, even after waiting 90 min
before adding the precursor to the PAW, the yield remains significantly
high compared to by direct exposure. This is notable, especially
considering the reaction discussed in Part I, Chapter 2, section 3.1.2
(Eq.5.3). After 1 h of exposure, the 129 mg/L (2.8*%10 mol/L) of NOy
generated is insufficient to precipitate all the Fe** in solution (1*102
mol/L). Therefore, since waiting before adding the precursor in PAW
reduces the NO,™ concentration, a lower yield was excepted.

Fe®* + H,0 + NO; = FeOOH + H* + NO (Eq.5.3)

This can be explained by the hypothesis we stated earlier, suggesting that
other long-lived unidentified species with a longer lifetime than HNO>
and/or NO, may be responsible for the precipitation of this precursor.

Table 5.4: Yield of formed precipitate for FeSO4+ added to PAW after 0, 30, 60 and 90 min

Yield of formed precipitate
(Y0)
FeSOq4 44
FeSO4 PAW 68
FeSO4 PAW break 30 min 45
FeSO4 PAW break 60 min 38
FeSO4 PAW break 90 min 36

Regarding the phases developed, XRD diffractograms of the formed solids
show that the FeOHSO4 phase tends to disappear when the precursor is
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added to PAW after waiting 30 and 60 min, but reappears after 90 min
(Figure 5.4).
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Figure 5.4: XRD data (a) complete range of 2 theta angles measured, (b) zoom on the
20-45° 2 theta range, of solids obtained after calcination with FeSOq4 added to PAW after
0, 30, 60 and 90 min

Based on XPS and EDX results, we observe that waiting before adding
the precursor to PAW results in solids with less sulfate phase on the
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surface (Table 5.5). However, after 90 min, this phase appears to increase
again, consistent with the XRD observations (Table 5.5).

As previously mentioned, FeSO. precursor seems to have a unique way of
reacting in PAW, possibly due to its capacity to interact with other plasma
species besides HNO, and/or NO2", which may have a longer lifetime.
Therefore, it is possible that after 60 min, these species tend to disappear,
explaining the difference between a 60 min and 90 min break. Since these
species were not identified, it is challenging to predict their stability and
how they react with the precursor. However, these results might also
indicate less reproducibility in the PAW synthesis method.

Table 5.5: XPS and EDX data of solids obtained with FeSO4 added to PAW after 0, 30,

60 and 90 min
Fe (0] S
(at %) (at %) (% at)
XPS EDX | XPS | EDX Eb XPS | EDX
(Fe2p) (O15s) * (eV) | (S2p)
FeSOq4 26.5 28 66.6 69 169.2 6.8
FeSO4 PAW 21.3 20 70.7 77 169.1 8.0
FeSO4
PAW break 29.5 21 65.1 76 169.0 5.4 2
30 min
FeSO4
PAW break 28.3 27 66.8 71 168.9 4.9 2
60 min
FeSO4
PAW break 27.4 36 65.5 61 168.6 7.1 3
90 min

* The at % of O obtained by EDX is likely overestimated due to the underlying
adhesive carbon tape used to fix the sample.

Regarding the textural properties of the developed solids, the specific
surface area and pore volume are sometimes higher, identical or lower
compared to the solid obtained when the precursor is directly exposed to
the discharge (Table 5.6). As previously explained, the nucleation and
maturation process are likely different in PAW compared to direct
exposure to the discharge. Additionally, there seems to be no clear
correlation between the waiting time before adding the precursor in PAW
and the textural properties of the resulting solids. This again suggests
potential issues with the reproducibility of the PAW synthesis method.
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Table 5.6: Textural properties obtained by N2>-physisorption of solids obtained with
FeSOqadded to PAW after 0, 30, 60 and 90 min (isotherms Supplementary information

SI.14)
Specific surface area Pore volume
(m?/g) (cm’/g)

FeSO4 95 0.33
FeSO4PAW 57 0.23
FeSO4PAW break 30 min 168 0.66
FeSO4PAW break 60 min 94 0.63
FeSO4PAW break 90 min 66 0.22

4. Conclusion

The purpose of this chapter was to explore the possibility of synthesizing
solids by adding a metal precursor to plasma activated water (PAW)
instead of directly exposing it to the GP discharge. This approach was
thought as a way to enhance the economic and ecological impact of the
GP catalysts synthesis by eliminating the washing step of the reactor
required between the exposure of different precursors solutions to prevent
any contamination between samples.

This idea emerged from the understanding gained from previous Part I,
Chapter 1, that long-lived species are the primary species responsible for
the redox reaction and subsequent precipitation of metal precursors
exposed to the GP. Among these species, HNO, and/or NO,™ were found
to be the main triggers of the reaction. We thus wondered whether these
long-lived species could be generated in sufficient quantities in PAW to
initiate the precipitation of various precursors, typically reactive to GP,
that would be added afterwards in the PAW. Furthermore, we investigated
whether these species were stable enough over time to still trigger the
precipitation process even after a delay before adding the precursor to
PAW.

By adding different types of precursors to PAW (FeSOs, KMnOs4 and
SnS0Oy), it was observed that the long-lived species present in PAW were
sufficient in both quantity and lifetime to form solids with some
characteristics similar that those obtained by exposing the same precursors
directly to the discharge. For instance, the same types of phases developed
in both synthesis methods. However, we also noted that the precipitation
mechanism differed between the two methods, resulting in solids with
sometimes distinct characteristics. Precisely, the precursor undergoes less
transformation into oxides when added to PAW compared to direct GP
exposure, and the resulting solids may exhibit different textural properties.
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Furthermore, we have also understood that the long-lived species present
in PAW are stable for a sufficiently long time to still trigger the
precipitation process of the precursor even after waiting a certain period
before adding it, at least for the FeSO4 precursor. However, the
characteristics obtained for the solids in this section are slightly random,
making them difficult to interpret. This might, be due to the capacity of
FeSO, to interact with other unidentified plasma species besides HNO,
and/or NO;, which may have a longer lifetime. However, it may also
highlight the lack of reproducibility in the PAW synthesis method when a
delay is introduced before adding the precursor.

In conclusion, we proved that it is indeed possible to trigger the
precipitation of a metal precursor both by directly exposing it to the GP
discharge and by adding it to PAW. However, we cannot deny that the
nucleation and maturation processes differ between these synthesis
methods, resulting in solids with some distinct characteristics in each case.
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Part III - Synthesis of supported
metal/metal oxide catalysts through GP

Chapter 6 - Synthesis of Au/metal oxides catalysts
by humid air GP

HAuCl, (3% wt) + P25 :

HAuCl, (3% wt) + Sn0O, plasma-synthesized :

TiO, + Ti0,+ SnS0, >
1 HAuCl, HAuCl, J Sn(OH),
L Washing of the solid " Washing + drying of the solid I
With plasma: Without plasma: reg T

pH after exposure = 2.6 pH after stirring =3

al al
SN as oo NS
Au Au

o= 6

¥

7 proximity of CI groups
-> 2 agglomeration

7 stability
= N agglomeration

L |
I Drying step = reduction I | Drying step = reduction |
' !

L] M

Sn(OH), Sn(OH); Sn(OH), Sn(OH),
\ + HAuCl + HAuCl, J + 1AuCl, + HAuCl,
Y
7 quantity of OH groups
|__on the support surface |

With plasma:
pH after exposure =3

Without plasma: Y
pH after stirring= 2.6
Cl

| o o
Cl— Au— «l | |

Cl\ /Cl (\) CI\ /CI o= ‘-"\\“O o— 4~

DH =25, -0 a

L 4

7 proximity of Cl groups
> 7 aggl(imemtion

7 stability
>N nggln]meralinn

I Drying step > reduction I

I Drying step = reduction I
3

227



Chapter 6 — Au/metal oxides by Glidarc Plasma

228



Chapter 6 — Au/metal oxides by Glidarc Plasma

Abstract

The GP method, previously identified as a promising technique for
synthesizing bulk metal oxides and metal oxide/metal oxide catalysts, had not
been explored yet for metal/metal oxide catalysts. This chapter investigates
the synthesis of Au/TiO. and Au/SnO: catalysts using GP, with the goal of
broadening the application of this method. We evaluated the effectiveness of
GP in depositing Au NPs on both commercially available TiO, (P25) and
plasma-synthesized SnO, supports. The synthesis parameters explored
included the initial mass ratio of gold precursor (1% or 3%), exposure time to
GP (7-30 min), and the timing of Au precursor (HAuCls) addition (post-
support synthesis, post-washing of the support, post-washing and drying of
the support, or simultaneous exposure of support and gold precursors to GP).
We identified that the GP deposition method for TiO faces a significant
challenge due to rapid acidification during exposure, which affects gold NPs
deposition which requires a pH close to the PZC of the support to maximize
OH group availability on the surface. Furthermore, the low pH limits the
formation of [AuClx(OH),]" species, crucial for stable bidentate bonding,
leading to NP agglomeration and reduced catalytic activity. Furthermore, the
plasma induced pre-reduction of gold NPs potentially exacerbates this
agglomeration issue. To mitigate these challenges, we explored SnO, as a
support due to its lower PZC. The higher pH closer to the PZC during GP
exposure of SnO, improved Au deposition by increasing the number and the
stability of the bonds between Au and the surface. It was also discovered that
effective Au/SnO; catalyst formation required washing the pre-synthesized
support and avoiding drying the support before gold precursor addition.
Despite these improvements, catalysts synthesized without GP during the Au
deposition step outperformed those involving GP. Additionally, a one-pot
synthesis method was tested but proved unsuitable due to mismatched
precipitation times for Au and the SnO, support. Therefore, while Au/TiO, and
Au/SnO; catalysts were successfully synthesized, the acidification during GP
exposure presents a significant barrier to optimizing Au-supported catalysts.
The study highlights the potential and limitations of GP in synthesizing
metal/metal oxide catalysts and suggests that further optimization of synthesis
conditions is needed.

This chapter has been written based on the results obtained by two Master s
students, who were supervised in the context of their Master s theses (Nicolas
Van Hecke and Martin Ben Haddou,).
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1. Introduction

In the previous chapters, we have enhanced the understanding of the GP
catalysts synthesis method and explored various synthesis conditions to
improve the characteristics of the catalysts themselves or to identify more
economical and environmentally friendly synthesis approaches. However, the
catalysts we experimented were all consistently of the same type: bulk oxides
catalysts. While these catalysts are of significant interest due to their
widespread applications, as discussed in the General Introduction, section
3.3.2, other types of catalysts, such as mixed oxides and supported catalysts,
are also widely used and valuable for many reactions. The GP has previously
been applied in the literature to develop supported catalysts, such as
FeOykaolinite and TiO»/SnO,, which have demonstrated promising
properties. This suggests that the GP method could potentially be employed
for synthesizing other types of catalysts as well. However, its application
remains somewhat limited in terms of the range of catalysts that can be
synthesized using this method.

Another type of catalysts that could be interesting to synthesize, and which
has never been attempted before by GP method, is the supported metal/metal
oxide catalyst. In the Part I, chapter 2, section 3.2, we identified 2 metals, gold
and ruthenium, that can precipitate by GP. This led us to consider whether it
would be possible to synthesize Au or Ru supported catalysts by GP, thereby
expanding the potential of the method by creating different types of catalysts.
There are several approaches to achieve this: using a support synthesized by
another method and attempting to deposit the metal onto it, synthesizing the
support by GP and then trying to deposit the metal, or directly exposing both
the precursor of the support and the metal precursor to see if we can form the
metal/metal oxide catalyst.

To begin exploring the possibility of synthesizing metal-supported catalysts
by GP, we focused on the synthesis of Au supported catalysts. In the Part I,
chapter 2, section 3.2, we observed that the gold precursor HAuCly tends to
precipitate as pure Au, whereas the Ru precursor KRuO4 seems to form a Ru
oxide. This indicates that synthesizing Ru-supported catalyst would require an
additional reduction step before they can be used, making the process more
complex. Therefore, we initially focus our research on the synthesis of gold-
supported catalysts. We experimented also 2 different types of support: P25,
as well-known and stable support frequently used in the literature for gold
deposition, and SnO;, which can be synthesized by the GP and offers the
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highest specific surface area among metal oxides synthesized by GP, making
it an attractive support material.

Au-supported catalysts are extensively used in various catalytic reactions for
bulk chemical synthesis, such as producing gluconic acid, vinyl acetate
monomer, methyl glycolate, H>O», ... They also play a crucial role in
hydrogen production system from CO or CO», and in pollution and emission
control, including the total oxidation of CO or nitrogen-based molecules
[125,126]. Previous research has shown that to achieve significant catalytic
activity in gold-supported catalysts, it is essential to reduce the size of gold
particles to diameters of less than 5 nm and to have a specific shape of
hemispherical particles. This presents challenges in depositing these NPs onto
a support surface, as the synthesis method must ensure a well-dispersed
distribution of the NPs. They must also be sufficiently stable to prevent their
sintering, which tends to occur spontaneously during the drying step due to
the low fusion point of gold and the weak bonds it typically forms with oxides
support. Consequently, the nature of the support material also significantly
impact on the stabilization of the gold NPs [127].

Although the impregnation method without interaction, as presented in the
General Introduction, section 2.2.1, is commonly used to deposit metal on a
support, it is not the most effective technique when using HAuCly as the gold
NPs precursor. This is because the presence of chlorine cause the gold
particles to grow rapidly, increasing their size and consequently decreasing
their catalytic activity [128]. Gold NPs can be deposited on the support surface
in liquid phase, where both the support and metal precursors are present, using
co-precipitation or sol-immobilization techniques. However, deposition-
precipitation is one of the most widely used techniques (described in General
Introduction, section 2.2). This technique is specifically used for the
deposition on basic (or least amphoteric) metal oxide support. In this process,
[Au(OH)s] or [AuCIl(OH)s] ions, formed by ligand exchange of [AuCl4] ions
at a high pH range, interact with the positively charge oxide surface or
hydroxyl groups on the surfaces. Subsequently, Au(OH)3 species precipitate
onto the support oxide surface. To control the pH of the medium, NaOH or
urea is usually added to the system [128].

The major challenge will be to determine whether gold NPs can indeed be
deposited on the surface of supports exposed to the GP, and whether these NPs
possess desirable characteristics such as small size and high stability. By using
different types of supports (P25 and SnQO,), we aim to evaluate the method’s
effectiveness in depositing gold NPs on both well-known support and plasma-
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synthesized support. The synthesis conditions explored in this chapter will
include the initial mass ratio of gold precursor (<1% or 3%) and the exposure
time of the suspension/solution (ranging from 7 min to 30 min). This will
allow us to assess the impact of various synthesis conditions on the deposited
NPs. Finally, we will evaluate the effectiveness of these various catalysts in
the total oxidation of benzene, as this catalytic test is used throughout the
thesis and gold is known to be an effective oxidation catalyst. However, gold-
supported catalysts are generally more active in other reactions, such as the
total oxidation of CO, which would have been a more suitable test for
assessing catalytic performance. Nonetheless, the total oxidation of benzene
proved sufficient to distinguish between the solids produced under different
synthesis conditions.

2. Materials and methods
2.1. Materials

For the supports, TiO; in the form of P25 (79.89 g/mol) form Degussa was
used, and SnO, was synthesized from tin(II) sulfate (SnSO4 ; 214.77 g/mol ;
> 95%) from Sigma-Aldrich.

The gold precursor used was tetrachloroauric(Ill) acid trihydrate (393.83
g/mol ; > 99.9%) from Sigma-Aldrich.

All the solutions were prepared with demineralized water as solvent.
2.2. Method
2.2.1. Synthesis device: GP reactor

The GP reactor used in this chapter differs slightly from the one used in
previous discussed chapters. While the main characteristics of the reactor
remain the same, some differences need to be noted:

- The humid air flow sent between the electrodes is of 7.5 L/min.
- The stirring during the exposure is approximately 120 rpm.
- The maximum liquid volume the reactor can contain is 400 mL.

2.2.2. Materials synthesis
2.2.2.1. AwTiO:;

Before deposing Au particles on P25, we wanted to observe the effect of the
GP discharge on the support alone. To do so, a 10 g/L of P25 suspension in
demineralized water was prepared, and 400 mL of it was either exposed to the
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GP for 60 min (named “P25 60”) or stirred at ambient temperature (AT) for
60 min (named “P25 60 NE”) (Table 6.1).

To prepare Au/TiO; catalysts, with a 3% mass ratio of Au/TiO», 0.1043 g of
HAuCl4.3H,O was added to 500 mL of a 3.478 g/L suspension of P25. 400
mL of the solution was exposed to the GP for 7, 15 and 30 min (named “TA
exposure time”). The remaining 100 mL was used as a blank, by stirring it at
ambient temperature for 7, 15 and 30 min, to compare with the solid
synthesized by exposure to the glidarc discharge (named “TA exposure time
NE”) (Table 6.1, Figure 6.1).

The pH of each suspension was measured before and after exposure or after
stirring at ambient temperature.

Table 6.1: Synthesis conditions used for the preparation of Au/TiO:2 samples

Sample Before exposure of P25 + HAuCls.3H20
name TiO: HAuCls.3H20 | % mass (non-)exposure
concentration | concentration | Au/TiO: time
(g/L — mol/L) (g/L — mol/L) (min)
P25 60 10 —1.25*10"! / / 60
P25 60 NE
TA7 7
TA 7 NE
TA15 3.4780 — 0.2086 — 3 s
TA15 NE 4.353*10* 5.297*10*
TA30 30
TA30 NE
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HAuCl,

P25

—

P25+ P25+
HAuCly HAuCl,
Exposure to GP Stirring at AT
for 7, 15, or 30 min for 7, 15, or 30 min
(TA 7,15 or 30) (TA 7,15 or 30 NE)

Figure 6.1: Schematic representation of the Au/TiOz samples prepared with and without GP
2.2.2.2. Au/Sn0;
a. 2 steps

Unlike the Au/TiO, samples, the SnO, support was directly synthesized by GP
exposure of the SnSO4 precursor.

Before synthesizing Au/SnO; precursor, we synthesized the support alone by
exposing 400 mL of a 102 mol/L SnSO4 solution to the GP for 2h (1h of
exposure, 15 min break, 1h of exposure) (named “Sn”). This duration was
previously determined to achieve 100% conversion of the precursor.
Additionally, 100 mL of the solution was used as a blank, by stirring it at AT
for 2h, to compare with the solid synthesized by exposure to the glidarc
discharge (named “Sn NE”) (Table 6.2, Figure 6.2).

To synthesize Au/SnO, in 2 steps, 3 different types of synthesis were
performed:

i. Direct addition of gold precursor after support synthesis: 400 mL of a
6.196 g/L SnSO4 solution was exposed to the discharge for 2h (1h of
exposure, 15 min break, 1h of exposure). Subsequently, 0.03 g of
HAuCl4.3H,0 was added to the suspension to achieve a 0.86% mass
ratio of Au/SnO,. The entire suspension was then exposed to the
discharge for 15 and 30 min (named “SA exposure time”) (Table 6.2).
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ii. Washing and drying of the support before addition of the gold
precursor: 400 mL of a 2.1478 g/L SnSO4 solution was exposed to the
discharge for 2h (1h of exposure, 15 min break, 1h of exposure). The
solid was then recovered by centrifugation (24490 G, 30 min) and
subjected to two washing cycles with distilled water. After drying the
solid in an oven under air at 110°C for 24h + 5h, the weight of the
recovered solid was measured to determine the amount of gold
precursor to add. The solid was resuspended in 500 mL of
demineralized water, and HAuCl4.3H>O was added to achieve a 3%
mass ratio of Au/SnQ;. After adding the gold precursor, 400 mL of the
suspension was exposed to the GP for 7 and 15 min (named “SAWD
exposure time”). The remaining 100 mL was used as a blank, by
stirring it at AT for 7 and 15 min, to compare with the solid
synthesized by exposure to the glidarc discharge (named “SAWD
exposure time NE”) (Table 6.2, Figure 6.2).

iii. Washing of the support before addition of the gold precursor: 400 mL
of a 2.1478 g/L SnSO4 solution was exposed to the discharge for 2h
(1h of exposure, 15 min break, 1h of exposure). The solid was then
recovered by centrifugation (24490 G, 30 min) and subjected to two
washing cycles with distilled water. Without drying, the solid was
directly resuspended in 500 mL of demineralized water. The average
mass of SnO, recovered in point b was 0.5673 g, and based on this,
0.034 g of HAuCl4.3H,O was added to the suspension to achieve a
3% mass ratio of Au/SnO,. After adding the gold precursor, 400 mL
of the suspension was exposed to the GP for 7 and 15 min (named
“SAWH exposure time”). The remaining 100 mL was used as a blank,
by stirring it at AT for 7 and 15, to compare with the solid synthesized
by exposure to the glidarc discharge (named “SAWH exposure time
NE”) (Table 6.2, Figure 6.2).

The pH of each suspension was measured before and after exposure or after
stirring at AT.
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Table 6.2: Synthesis conditions used for the preparation of Au/SnO:— 2 steps samples

Before exposure of SnSO4 Before adding Before exposure of SnO2 + HAuCl+.3H20
Sample Csnso, (non-) Exposure | HAuls.3H:0 Csno, Chauci, 31,0 %mass | (non-) Exposure
name (g/L — mol/L) time (g/L-—mol/L) | (g/L—-mol/L) | Au/SnO: time
(min) (min)
Sn 2.148 - 107 / / / /
Sn NE /
SA 15 6.196 — 3*%1072 4.348 —3*10? 0.065 0.86 15
SA 30 1.65%10* 30
:ixg; Cfnzt“f“f“"n 1.140 - 0.068 ,
wasting 7.6%10° 1.73%10%
NE steps + drying
120 der air at
SAWDIS e an e 1213 - 0.073 -
SAWD15 110°C for 24 h 851073 1.85%10 15
NE 2.148 - 102 +5h ’ 3
SAWH7
SAWH7 Centrifugation 7
NE . 1.135 - 0.068 —
+ 2 washing .
SAWH15 steps 7.5%1073 1.73*10°
SAWH15 15
NE
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Exposure to the GP for 120 min

SnSO,
Recovering of the Washing + drying Washing of the
suspension of the support support
HAuCl, SnO, , ‘ HAuCl, Sn(OH), HAuCl,

Sn(OH),

Sn(OH)y + SnOy + SnOy + Sn(OH)x + Sn(OH)y +
HAuCl, HAuCly HAuCl, HAuCl, HAuCl,
Exposure to GP Exposure to GP Stirring at AT Exposure to GP Stirring at AT
for 15 or 30 min for 7 or 15 min for 7 or 15 min for 7 or 15 min for 7 or 15 min
(SA 15 or 30) (SAWD 7 or 15) (SAWD 7 or 15 NE) (SAWH 7 or 15) (SAWH 7 or 15NE)

Figure 6.2: Schematic representation of the Au + SnO: — 2 steps samples prepared with and without GP
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b. 1 step

We also attempted to synthesize Au/SnO, catalysts by GP in 1 step, referred
as the “one-pot” method. For this, we prepared a solution containing 10
mol/L of SnSO4 and 2.3*10* mol/L of HAuCls.3H,O, aiming for a 3% mass
ratio of Au/SnO,. Subsequently, 400 mL of the solution was exposed to the
GP for 7 and 15 min (named “SAOP exposure time”). The remaining 100 mL
was used as blank, by stirring it a AT for 7 and 15 min, to compare with the
solid synthesized by exposure to the glidarc discharge (named “SAOP
exposure time NE”) (Table 6.3, Figure 6.3).

It is worth noting that in this synthesis, the SnSO4 precursor is not exposed to
the GP for 2h. This likely means that the conversion of SnSOj4 into SnO> is
probably not 100%, and the final % mass ratio of Au/SnO, will probably be
higher than 3%.

The pH of each suspension was measured before and after exposure or after
stirring at AT.

Table 6.3: Synthesis conditions used for the preparation of Au/SnO:z— 1 step samples

Before exposure of SnO2 + HAuCls.3H2:0
SnO: HAuCl.3H20 % mass (non-)
Sample name | concentration | concentration | Au/SnO: Exposure
(g/L — mol/L) (g/L — mol/L) time
(min)
SAOP7 7
SAOPTNE | 5148 102 | 0.090-23*10% | >3
SAOP15 15
SAOP15 NE
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SnSO, ) ‘ HAuCl,

/\

SnSO, + SnSO, +

HAuCl, HAuCl,
Exposure to GP Stirring at AT
for 7 or 15 min for 7 or 15 min
(SAOP 7 or 15) (SAOP 7 or 15 NE)

Figure 6.3: Schematic representation of the Au + SnO: — 1 step samples prepared with and
without GP

2.2.3. Solid recovery

The solid formed in each type of synthesis was subsequently recovered by
centrifugation (24490 G, 30 min) and subjected to two washing cycles with
distilled water. All the solids obtained after centrifugation were dried in an
oven under air at 110°C for 24 h+ 5 h.

After drying, the solid was stored in glass tube wrapped in aluminum fold to
avoid contact with light, which is known to have an effect on the sintering of
gold NP [129].

2.3. Material characterization

All the instrumental characterizations used here (XRD, XPS, SEM, EDX, N»-
physisorption) were done after drying of the solids formed.

All the characterizations performed in this chapter were carried out as
presented in Experimental, section 2.

In addition to these characterizations, Inductively Couple Plasma (ICP)
analyses were performed on the synthesized solid. The ICP analyzer used was
the ICP-OES (Atomic Emission Spectroscopy) Perkin Elmer, Avio 220
equipped with an automatic sampler Perkin Elmer S23. The conditions of
analyses performed are presented in the Table 6.4.
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The Au/TiO; and Au/SnO, samples were dissolved in 50 mL of solution
(HNOs + HCI (1/1) for Au/TiO,, HBF4 + HNO; + HCI (1/1/1) for Au/SnO).
Then, 1 mL of each sample was extracted and added back into a fresh 50 mL
solution. It is important to note that SnO- could not be dissolved. Therefore,
for the Au/SnO, samples, only Au was quantified by ICP. The wavelengths
used to measure the different elements were: Argon — 420.069 nm, Gold —
267.595 nm and Titanium — 334.940 nm.

Table 6.4: Conditions performed for the ICP analyses of the gold-supported solids synthesized

by GP
Instrumental Operating Condition
Radio-Frequency (RF) Power 1.5 kWatt
Frequency or RF generator 40 MHz
Plasma Argon flow rate 10 L/min
Argon flow rate 0.2 L/min
Nebulizer flow rate 0.6 L/min
Nebulizer type Concentric Glass
Spray Chamber Scott type
Sample uptake rate 1.5 mL/min
Integration time 7s
Integration mode Peak Area
Replicates 5
Background correction Manual

All the synthesized solids were also tested catalytically in the total oxidation
of benzene, as presented in Experimental, section 2.

3. Results and discussion
3.1. Au/TiO;
3.1.1. First observations

By looking at the pH of the suspensions, we can see that it decreases with the
addition of the HAuCls.3H>O, as this precursor is a strong acid. Additionally,
the pH drops further when the suspension is exposed to the GP (Table 6.5).
This is likely due to the formation of acidic species in solution during the
discharge [33,48,49]
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Table 6.5: pH of the Au/TiO: suspensions before and after (non-)exposure to the GP

pH before exposure | pH after exposure

P25 60 43 3.1
P25 60 NE 43
TA7 313 2.6
TA7 NE 3.0
TA15 23 2.8
TA15 NE 3.0
TA30 31 2.8
TA30 NE ' 3.0

Regarding the aspect of the synthesized powder, it is worth noting the
difference in the colors of the samples (Figure 6.4). The P25 powder has a
white appearance, which is retained after exposure to GP when exposed alone.
However, in the presence of HAuCls, the powder changed to a purple-blue-
grey tint. Interestingly, the color of gold NPs can be used to predict their size,
assuming the initial support is white, as it is in this case. Smaller NPs result in
a more pink-red-purple color [130]. In our case, there is a significant color
difference between exposed and non-exposed samples. The non-exposed
powders tend towards a purple-blue color, while the exposed samples shift
towards a light blue-grey.

Figure 6.4. Visual aspect of the solids obtained from Au/TiOz samples after (non-)exposure to
the GP and after drying

The XRD diffractograms of both the exposed and non-exposed P25 reveal two
TiO; phases: anatase and rutile, which are known to be present in the Degussa
P25 (Figure 6.5). This indicates that the phases in P25 do not appear to be
altered by plasma exposure. When HAuCls.3HO is added to the synthesis, in
addition to the peaks from the P25 phases, peaks corresponding to Au® can
sometimes be observed (Figure 6.5, Supplementary information SI.15). By
focusing on a range where gold peaks can be seen, we notice that they are
present only in the sample exposed to the GP (Figure 6.6).
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A AW Gold (PDF 04-0784)
X TiO, Anatase (PDF 89-4921)

TiO, Rutile (PDF 21-1276)
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Figure 6.5: XRD data of TA7 and TA7 NE solids

A AU Gold (PDF 04-0784)
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Figure 6.6: Zoom on XRD data of Au/TiO: solids obtained after (non-)exposure to the GP (2
theta = [35-45]°)
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By examining the surface and bulk composition of the samples using XPS and
ICP, we can deduce several points (Table 6.6). First, the composition of the
P25 exposed to the GP alone does not change. Second, the at and mass % of
Ti and O at the surface do not show significant variation between the samples.
However, these % differences are more significant by ICP, therefore in bulk,
which is surprising as the support does not appear to be affected by the
discharge when exposed alone, and thus is presumably not affected in the
presence of the gold precursor either.

Third, there are notable differences in the gold % in the various solids (Table
6.6). According to XPS, the at % of Au is consistently much lower in the
samples exposed to the discharge compared to the non-exposed samples,
resulting in a significantly lower Au/TiO, mass ratio in the exposed samples.
In bulk, the difference in gold content between the samples exposed and non-
exposed to the discharge appears to be less pronounced for similar exposure
times, except for 15 min. However, since the % mass obtained by ICP are
approximately the same for all the samples, except for TA15, we might
consider the results for this sample somewhat unusual and potentially not
indicative of the actual trends in the synthesis conditions. Four and finally,
both XPS and ICP indicate a much lower mass ratio than the 3% initially
engaged in the suspension before exposure, especially at the surface.
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Table 6.6: XPS and ICP data of Au/TiO: solids obtained after (non-)exposure to the GP

Mass ratio
Ti Au (0) Cl Au/TiO>
(% mass)
XPS ICP XPS ICP XPS ICP XPS XPS | ICP
(Ti2p) | (% mass) (Au 4f71) (% mass) | (% at) | (% mass) | (Cl2p)
(% at) FWHM E» (% at) (% at)
(eV)
P25 60 29.8 / / / / / 70.2 / / /
P25 60 NE 29.7 / / / / / 70.3 / / /
TA7 30.0 50 2.01 83.8 0.10 1.5 69.6 48.5 0.3 0.3 1.5
TA7 NE 30.1 47.6 1.82 83.6 0.38 1.4 69.2 51 0.3 0.9 14
TA15 30.6 49.8 1.38 82.9 0.03 2.1 69.2 48.1 0.2 0.1 2.1
TA15 NE 30.8 55.0 1.80 83.6 0.48 1.3 68.4 43.7 0.4 1.2 1.3
TA30 31.0 60.1 1.36 83.0 0.03 1.5 68.7 38.4 0.3 0.1 1.5
TA30 NE 30.1 53.7 1.88 83.7 0.41 1.7 69.0 44.6 0.3 1.0 1.7
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Regarding the textural properties of the solids, the specific surface area and
pore volume of P25 alone are not affected by plasma exposure (Table 6.7).
When the gold precursor is added to the suspension, the final solid formed has
a specific surface area that decreases slightly but remains approximately the
same across different exposure times. However, exposing the suspension to
the GP appears to trigger the formation of a solid with a slightly increased pore
volume. Based on the position of the hysteresis in the adsorption-desorption
curves of all the samples, this porosity seems to consist of large mesopores,
likely due to interparticle porosity, as P25 is known to be a non-porous support
(Supplementary information SI.16)

Table 6.7: Textural properties obtained by Na2-physisorption of Au/TiO: solids obtained after
(non-)exposure to the GP (isotherms Supplementary information SI.16)

Specific surface area Pore volume
(m’/g) (cm*/g)

P25 60 47 0.30
P25 60 NE 47 0.30
TA7 32 0.36
TA7 NE 37 0.34
TA15 32 0.35
TA15 NE 26 0.27
TA30 24 0.35
TA30 NE 34 0.22

3.1.2. Discussion
3.1.2.1. Hypothesis from the observations

Based on the lack of peaks observed by XRD in the non-exposed samples, we
might have assumed that no gold was deposited in these synthesis types.
However, XPS and ICP results show that gold is present in all the synthesized
solids. Moreover, just considering the XPS results, one might think that more
gold was deposited on the non-exposed sample. However, this is not the case,
as the Au mass % obtained for TA7 and TA7 NE as well as for TA30 and TA30
NE samples, is the same. In fact, the Au mass % is even higher for the exposed
TAT15 sample than for the non-exposed TA15 NE sample. These observations
highlight that the difference between exposed and non-exposed samples is not
in the quantity of gold deposited, but somewhere else.

Indeed, the absence of gold peaks in XRD diffractograms of non-exposed
samples, despite higher gold detection by XPS, can be explained by the size,
crystallinity, and dispersion of the deposited gold particles. A hypothesis that
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can explain these differences is that the gold particles deposited on the non-
exposed sample are well dispersed, amorphous and/or composed of small
crystals. In fact, in XRD, small, well-dispersed particles are less likely to form
diffractogram peaks because they tend to be amorphous and consist of small
crystallites, which can be an issue since the crystal size detection limit is 2-
2.5 nm [131]. Furthermore, since XPS has a depth detection limit of maximum
10 nm, particles larger than this size will have some Au atoms undetected by
the analysis, thereby decreasing the at % of gold detected in comparison to
TiO; (Figure 6.7). This final hypothesis is further supported by the color of the
non-exposed samples, which are more purple-blue compared to the exposed
ones. This suggests that the particle size might be smaller for the non-exposed

samples.
% Support
B Au
%
Bigger Au particles DRX 7 Smaller Au particles I DRX Vv
Surface with fewer Au partu.l:.s XPS N Surface with more Au particles XPS 2

Figure 6.7: Link between the size and dispersion of the gold NPs in their detection by XRD
and XPS for a same amount of gold deposited on the surface of a support

Therefore, it seems that the amount of gold deposited on the surface of the
support is approximately the same with or without exposure for the same
synthesis time, but GP exposure increases the size of the gold particles.
Furthermore, it is worth noting that, looking at XPS results for the exposed
samples, increasing the plasma exposure time decreases the amount of gold
detected. This could mean that, in addition to plasma discharge, the exposure
time also impacts on the size of the particles. This can be confirmed by the
binding energy and FWHM of Au 4f7,. For all the samples without exposure
and TA7, the peak position suggests that pure metallic gold is deposited, as
this peak is supposed to be between 83.7 and 84.0 eV. However, for TA1S5 and
TA30, the peak position and FWHM are lower. In fact, it has been
demonstrated that increasing the size of the gold particles is accompanied by
a decrease in the binding energy and of the FWHM of the Au 4fy, peak
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(Supplementary Information SI.17) [132]. This confirms that the gold particle
size increases with the exposure time as well.

If we only consider the samples exposed 7 and 30 min, these results indicate
that the same amount of gold is deposited whether or not it is exposed to the
GP, but the size of the deposited gold particles differs. Therefore, 2 things need
to be discussed: why the amount of gold deposited is the same in both cases,
and why do the particles size and dispersion vary between the 2 synthesis
methods.

3.1.2.2. Mechanism of gold deposition

To understand the 2 items just mentioned, we need to discuss the deposition
mechanism of gold on the surface of a metal oxide support, specifically on
TiOs.

Firstly, when dissolved in water, HAuCls.3H,O precursor dissociates into H*
and AuCly. Furthermore, in aqueous solution, [AuCls]" undergoes
spontaneous hydrolysis with different levels of hydroxylation depending of
the pH (Eq.6.1) [99,100]. According to the literature, at pH<2, the main
species present is [AuCls] (Figure 6.8). By increasing the pH, the ligand CI-
are replaced by OH until [Au(OH)4]" is formed at pH of around 6 (Figure 6.8).
In our case, at a pH between 2.8 and 3.3, the predominant species present in
solution are [AuCIl3(OH)], and [AuCIlx(OH),] (Figure 6.8). However, at the
lower recorded pH, it is possible that some [AuCl4] is present, and at the
highest pH, that some [AuCI(OH);] is present [100,101,133].

[AuCly]™ + jH,0 = [AuCl,_;j(OH);] +jCl™ + jHY (Eq.6.1)

248



Chapter 6 — Au/metal oxides by Glidarc Plasma

/Z —¥— [AuCl4]-
! —& — [AuCI3(OH))-
- - - & - - - [AuCI2(OH)2]-
—8— [AuCl{OH)3]-
— = —[Au(OH)4]-

Fraction (%)

0 2 4 6 ] 10 12 14
pH

Figure 6.8 : Au(lll) speciation as a function of pH (Cl-and OH" as ligands) [100]

The other important parameter to consider in order to understand the
deposition mechanism is the point of zero charge (PZC) of the support, which
is specific for each oxide. In water, the surface of an oxide is covered by a
monolayer of hydroxide (noted S-OH) that can be ionized (Eq.6.2). The
charge at the oxide surface arises from acid-base equilibrium, which depends
on the pH of the medium. Therefore, the PZC is defined as the pH of the
medium at which the sum of the surface charges is zero. At pH < PZC, the
surface is positively charged, and at pH > PZC, it is negatively charged [17].

S—0" +H;0"=S—0H+H,0=5—0H} +0H" (Eq.6.2)

In the case of P25 Degussa, the PZC is around 6.8 [134]. This means that at
the pH of the medium we are working with, the surface of the support is
positively charged. It might be intuitive to think that the negatively charged
gold complexes [AuC l,—j(OH) j]_ would spontaneously interact with the
positively charged surface, forming an ionic bond. However, it has been
demonstrated in the literature that increasing the pH toward the PZC of the
support also increases the amount of gold deposited on the surface [135]. This
indicates that the interaction cannot be purely ionic. Later studies have shown
that there is, in fact, a reaction between the hydroxyl groups on the surface of
the support and the gold chlorohydrate complexes. This reaction leads to the
formation of a surface complex with a covalent bond, predominantly
involving grafting deposition (Eq.6.3, Eq.6.4) [135]. Therefore, increasing the
number of neutral OH groups on the surface of the support by approaching its
PZC lead to an increase in the amount of gold linked to the surface.
Additionally, it has been proven that at pH <2, where the primary gold species
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present is [AuCls], gold deposition does not occur, at least by grafting
deposition, due to the lack of hydroxyl groups necessary for linking with the
oxide surface [133].

TiOH + [AuCl;(OH)]™ = [(Ti0)AuCl;]™ + H,0 (Eq.6.3)
TiOH + [AuCl,(0OH),]™ = [Ti0AuCl,(OH)]™ + H,0 (Eq.6.4)

Furthermore, the formation of gold complexes on the surface is a rapid
mechanism that, after a certain period, becomes independent of time [136]. In
fact, since the number of OH groups on the surface of the support is
determined by the pH of the medium, this also affects the maximum amount
of gold complexes that can be formed. Therefore, once the surface of the
support is saturated with gold complexes, increasing the synthesis time or the
gold precursor concentration no longer influences the amount of gold linked
to the surface.

It was also demonstrated that, as the pH influences both the support and the
gold complexes present in the medium, it also influences the way the gold
complexes link to the surface. At a pH around 3, the main species present is
[AuCl3(OH)], while at pH around 4, it is [AuCl>(OH),] (Figure 6.8). These 2
complexes have different numbers of hydroxyl groups that can be removed to
interact with the surface. Specifically, [AuCl3(OH)] has only one hydroxyl
group, allowing it to form only a single link with the surface, known as
monodentate bond. On the other hand, [AuCl,(OH),]" can lose 2 hydroxyl
groups, enabling it to form 2 chemical bonds with the surface, which leads to
a stronger interaction (Figure 6.9) [133,136].

pH=3 pH=4
a y , \./ N,/
\A —— \A ———C AU / Au
a——_"™ a—7""™ VRN N\
OH2 (i) H (I)HZ (l) H OH (') (,)H frD
Al Al Als AN Al Al Al
i g e 0 AN NN o

Figure 6.9: Mechanism of interaction of the gold complex with the alumina surface according
to the pH [133]

After depositing gold on the surface of the solid, its state and morphology can
change due to subsequent synthesis steps, such as drying and/or reducing.
Au(IIl) easily reduces to Au® under thermal treatment in air at temperatures
above 100°C. This reducibility impacts the tendency to agglomerate because
Au® has higher mobility on the surface and a strong inherent tendency to attract

250



Chapter 6 — Au/metal oxides by Glidarc Plasma

other particles. This agglomeration can occur via 2 mechanisms: Ostwald
ripening or particle diffusion and coalescence. The process of Ostwald
ripening involves larger particles growing at the expense of smaller ones due
to differences in surface free energy, which facilitates the transport of mobile
species between particles. Conversely, particle migration occurs as
nanoparticles move via Brownian motion, potentially leading to coalescence
when particles come into close contact. This agglomeration process is
commonly understood to occur in three stages: first, Ostwald ripening is the
dominant process, and the smallest nanoparticles disappear. Once the smallest
particles have vanished, both Ostwald ripening and coalescence contribute to
further particle growth until reaching a size at which their mobility
significantly reduces. Smaller particles exhibit greater mobility compared to
larger ones, and as particles increase in size, sintering decelerates. These
phenomena are affected by the environment of the nanoparticles and are
initiated by elevated temperatures. In fact, gold particles deposition is
particularly challenging due to this agglomeration, forming larger particles
with reduced catalytic activity [127,137—-142].

The parameters influencing this agglomeration is:

- The interaction between gold and the support. To prevent
agglomeration, creating strong bonds that limit the mobility of the
atoms is an effective method. This is indeed why covalent bonds with
the surface produces more stable gold NP compared to ionic bonds,
as for ionic bonds, particle migration is more likely, leading to their
agglomeration [127,137-139].

- The proximity of gold particles on the surface. This can be managed
by decreasing their surface concentration or creating steric or
electrostatic stabilization by adding molecules that adsorb onto the
gold particle surface [127,137-140].

- The presence of chloride. Chloride favours NPs aggregation during
thermal treatment by promoting the mobilization of gold atoms.
Therefore, it is important to ensure chloride removal during catalyst
preparation by using multiple washing steps or hydrogen reduction
treatment [127,140].

3.1.2.3. Differences and similarities between exposed and non-exposed
samples

Understanding the deposition mechanism of gold on the surface of an oxide
support allow to comprehend why, for a same exposure time, there is no
significant difference in the quantity of deposited gold between exposed and
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non-exposed samples. The primary factor influencing gold deposition is the
pH of the medium, as it affects the nature of the (dominant) gold complex(es)
present and the amount of OH groups at the surface of the support. In our case,
the pH difference between exposed and non-exposed sample is small. While
this may results in some differences in the nature of the (dominant) gold
complex(es) formed, as illustrated in Figure 6.8, it is likely insufficient to
significantly affect the quantity of OH groups on the surface of the support.
Consequently, the amount of gold complexes that bind to the support surface
remains relatively unchanged.

Given that the gold deposition mechanism is fast and the surface rapidly
becomes saturated with gold complexes, this explains why, after a certain
period of (non-)exposure, the amount of deposited gold no longer increases.
Indeed, as shown by ICP analysis, between 7, 15 or 30 min of exposure, the
quantity of deposited gold does not increase, and extending the exposure time
only have impacted the agglomeration of gold particles.

If we now focus on the reason why GP synthesis seems to produce larger gold
particles, several hypotheses can be evoked:

- The pH of the solution, lower after plasma exposure, results in the
higher presence of [AuCIl3(OH)] species. However, these species
cannot achieve 2 chemcial bonds, as mentioned in Part III, Chapter 6,
section 3.1.2.2, which are considered more stable due to reduced
mobility of gold complexes on the surface of the support. Therefore,
the slightly higher pH in non-exposed samples could lead to more 2
chemical bonds and thus more stable particles compared to plasma-
exposed samples, increasing the amount of small particles remaining
at the surface of the solid.

- The quantity of gold present on the support surface also impacts the
particles agglomeration. At lower pH, primarily monodentate bonds
form, as fewer [AuCl,(OH):]" species are present. A monodentate
bond involves one OH group from the surface binding to one gold
complex, whereas a bidentate bond involves two OH groups binding
to one gold complex. This implies that at lower pH, more gold might
be deposited on the surface, particularly with more Cl groups, leading
to a higher probability of agglomeration, as mentioned in Part III,
Chapter 6, section 3.1.2.2.

- The plasma itself could influence particle agglomeration. It has been
previously reported that plasma can reduce metallic components
grafted on the surface of a support [143]. Furthermore, in previous
Part I, Chapter 2, section 3.2, we demonstrated that complexes from
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the dissolution of HAuCls exposed to the GP can be reduced to form
pure Au’. However, when gold is present as a pure metal rather than
in a complex form, its mobility increases, as mentioned in Part III,
Chapter 6, section 3.1.2.2, potentially leading to more marked
agglomeration. Thus, for exposed samples, the particles may already
begin to reduce and agglomerate before the drying step, resulting in
larger particles compared to non-exposed samples, for which
reduction occurs primarily during the drying step.

3.1.2.4. Catalytic activity

Looking at the catalytic activity of a selection of synthesized solids for the
total oxidation of benzene, after more than 7 min of exposure, the catalysts
exhibit the same catalytic activity as pure P25. For samples synthesized for 7
min, both show better catalytic activity than pure P25, with the non-exposed
sample demonstrating the highest activity (Figure 6.10).
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Figure 6.10: Catalytic performances of Au/TiO: solids obtained after (non-)exposure to the
GP for the total oxidation of benzene (conversion of benzene as function of reaction
temperature)

This can be explained by previous observations. The literature indicates that
the size of gold NPs on a support influences the catalytic activity of the solid.
When the size of gold NPs exceeds 5 nm, their activity becomes mostly
negligible [141]. Our characterization and hypotheses suggest that samples
exposed for more than 7 min have likely increased the size of their particle
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rather than the amount of gold they contain. Additionally, it has been observed
that plasma exposure during synthesis tends to agglomerate the gold particles.
This explains why TA7 NE is the best catalyst compared to TA7.

3.2
3.2.1.

Au/SnO; — 2 steps
First observations

The precursor solution is already acidic before plasma exposure due to the
spontaneous formation of Sn(OH), and Sn;O(OH).SO.4 which release H' ions
in the medium when SnSO; is dissolved in water (Part I, Chapter 3, section
3.1.2: Eq.3.6, Eq.3.7) (Table 6.8) [86,111,113,121]. Plasma exposure further
acidifies the solution by generating acidic species during the discharge
[33,48,49]. Adding the gold precursor slightly increases the pH of the
suspension, as HAuCls.3H,O has its pKa around 3.3 and acts as a buffer (Table
6.8). Without plasma exposure, the pH remains approximately the same, but
it increases slightly after plasma exposure, likely due to the buffering effect of
HNO2/NO>™ species (pKa=3.3) [114]. For SA suspension, the amount of H*
produced seems to be too large for the HNO»/NO, buffer to be effective (Table
6.8). This is likely because the initial concentration of SnSQj is 3 times higher
than in the other solutions, releasing even more H' during its transformation.

Table 6.8: pH of the Au + SnO: — 2 steps suspensions before and after (non-)exposure to the

GP
pH before | pH after | pH before 2™ pH after 2t
2h (non-) 2h (non-) | (non-)exposure | (non-)exposure
exposure exposure (after adding (after adding
HAuCli.3H:0) | HAuCli.3H:0)
Sn 2.7 21 / /
Sn NE 2.5
SA 15 2.4 / / 1.7
SA30 23 / / 1.7
SAWD? 2.5 2.2 2.8 3.1
SAWD7 NE 2.8
SAWDIS 2.5 2.2 2.6 3.1
SAWD15 NE 2.6
SAWHT 2.6 23 2.6 2.8
SAWH7 NE 2.7
SAWHI15 3.0
SAWH15 2.4 2.2 3.0 29
NE ’
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The XR diffractograms of all the synthesized solid reveal the presence of the
cassiterite SnO; phase (Figure 6.11, Figure 6.12, Figure 6.13, Figure 6.14). In
the case of SnSO, alone, non-exposed to the plasma, the SnSO4 phase is also
identified, likely due to a proportion of the precursor remaining untransformed
(Figure 6.11). Furthermore, except for SA15 and SA30, the Au’ phase is
detected in all the solids (both exposed and non-exposed to the plasma) where
the gold precursor was incorporated in their synthesis, with more intense peaks
observed in the exposed samples (Figure 6.12, Figure 6.13, Figure 6.14).

X 8n0O, Cassiterite (PDF 70-4177)
® 5nSO, (PDF 70-1428)

WX
W o,
¥ o, aw X X
", o [ o
il oo nhg A T,
L ‘kwwwmwl,uw\ st P

Sn NE

IR

r~r—+—m 1 17 "1 "1 "7 17T 17T 17 17 777 7717 "1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 theta (°)

Figure 6.11: XRD data of Sn and Sn NE solids
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Figure 6.12: XRD data of SA15 and SA30 solids
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Figure 6.13: XRD data of SAWD solids
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Figure 6.14: XRD data of SAWH solids

By examining the surface and bulk composition of the samples using XPS, we
can deduce several things (Table 6.9). First, the composition of the support
does not seem to change with the addition of gold precursor, as the at % of Sn
and O remain approximately constant whatever the synthesis types.
Furthermore, the at % of S is < 1% for all the solids, except for the SA samples.
This is likely because the initial concentration of SnSOj is too high, resulting
in a lower conversion compared to the other samples.

However, there are notable differences in the gold content among the various
solids (Table 6.9). According to XPS, the at % of Au is much lower for the SA
samples, where no washing step was performed before adding the gold
precursor. For SAW samples, the at% of gold in XPS increases with the
exposure time and is higher when no drying step is performed before adding
the gold precursor. Therefore, the Au/SnO mass ratio is higher for SAWH
samples but is still < 1%, far from the nominal 3%. However, from ICP results,
the mass % does not appear to increase with the exposure time but is also
higher for SAWH samples. Finally, slightly more Au is detected on the surface
and in bulk of the exposed samples compared to non-exposed ones.
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Table 6.9: XPS and ICP data of Au/SnO: — 2 steps solids obtained afier (non-)exposure to the GP

Mass ratio
Sn* Au o* S Au/SnO>
(% mass)
XPS XPS ICP XPS XPS XPS | ICP
(Sn 3d) (Au 4f72) (% mass) | (% at) (S 2p)
(% at)
FWHM E» (Au 4f) E» (% at)
(eV) (% at) (eV)
Sn 37.0 / / / / 62.8 169.3 0.3 / /
SA 15 354 1.75 84.4 0.17 / 61.6 169.1 2.9 / /
SA30 35.8 / / 0 / 61.6 169.3 2.6 / /
SAWD7 36.0 1.45 83.4 0.40 2.1 63.1 169.1 0.5 0.5 2.1
SAWD7 NE 37.5 2.06 83.9 0.24 / 61.9 168.9 0.4 0.3 /
SAWD15 38.0 1.41 83.4 0.46 2.1 60.8 168.6 0.7 0.6 2.1
SAWH?7 37.6 1.36 83.5 0.55 2.3 61.5 168.8 0.4 0.7 2.3
SAWH7 NE 36.9 1.38 83.5 0.59 1.7 61.6 168.9 1.0 0.8 1.7
SAWH15 37.8 1.35 83.7 0.64 2.3 61.1 169.1 0.5 0.8 2.3
SAWHI15 NE 37.2 1.44 83.6 0.58 2.0 61.9 168.3 0.3 0.8 2.0

* The % mass of Sn and O were not determined by ICP due to our inability to completely dissolve the SnO; before analysis
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Regarding the textural properties of the catalysts, they all exhibit an isotherm
corresponding to microporous solids (Supplementary information SI.18).
Therefore, the microporous volume was calculated using t-plot method. All of
the solids, except for the SA ones, have approximately the same specific
surface area, around 170 m?/g, and microporous volume of about 0.07 cm?®/g
(Table 6.10). These values are similar to those of the solid synthesized with
only SnSQOy4, indicating that suspending and re-exposing the material to plasma
in presence of gold precursor has no significant effect on its textural
properties. However, the solids from SA synthesis, which were prepared
without washing before adding the gold precursor have a smaller specific
surface area than the others (Table 6.10). We verified through additional
experiments that the high concentration of SnSOj4 prevents the solid from
developing to the extent typically achieved.

Table 6.10: Textural properties obtained by N2-physisorption of Au/SnO: — 2 steps solids
obtained after (non-)exposure to the GP (isotherms Supplementary information SI.18)

Specific surface area Microporous pore volume
(m’/g) (cm’/g)
Sn 150 0.071
SA 15 76 0
SA30 21 0
SAWD7 154 0.067
SAWD15 174 0.075
SAWH?7 167 0.067
SAWH7 NE 196 0.075
SAWH15 174 0.075

3.2.2. Discussion
3.2.2.1. Mechanism of gold deposition

SnO; is not a common support used for the deposition of gold, so there is
limited information about it in the literature. However, since SnO; is a metal
oxide and previously discussed deposition mechanism having been shown to
be generalized for different types of oxides (such as TiO, and Al>O3), we can
consider using a similar approach with SnOs.

To understand the deposition mechanism on this support, we need to consider

factors that have already been identified as important:
- The PCZ of SnO; cassiterite is around 4-4.5, which is lower than TiO,
[144]. This means that SnO» will have more OH group on its surface
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than TiO» at the pH we are working at. This suggests that more gold
complexes would be able to bind at the surface of SnO; than TiO».

- The initial pH with SnO, support is slightly lower than with TiO,
when gold precursor is added. This means that slightly more
[AuCl3(OH)] than [AuCl,(OH).] is present in the SnO; suspension
than in TiO; one. As seen in Part III, Chapter 6, section 3.1.2.2, this
means that less chemical bonds between a single gold complex and
the surface are formed [133,136].

3.2.2.2. Difference between exposed and non-exposed samples

With these 2 previously proposed clues, we can explain some of the observed
differences in our samples. Firstly, after plasma exposure, the final pH of the
SAW samples is slightly higher and closer to the PZC of SnO; than without
exposure. This indicates an increase in the number of OH groups on the
surface of the support and a higher concentration of [AuCl,(OH),] species in
the suspension. Intuitively, this would mean plasma exposure both increases
the amount of gold deposited on the surface and the number of 2 chemical
bonds formed, enhancing the stability of the Au NPs. Consequently, we would
expect to observe a higher mass % by ICP and higher at % of Au by XPS for
the exposed samples, as the gold particles are more abundant and well-
dispersed compared to those without exposure. This is indeed what we
observed in most of the samples.

However, this explanation considers only the pH of the medium in the
deposition mechanism of gold particles and not the effect of the plasma, which
may partially pre-reduce the gold particles and lead to their agglomeration
even before the drying step, as previously suggested in the Part III, Chapter
6,section 3.1.2.3. This latter hypothesis might explain why the SAWH?7 solid
has less gold detected on its surface than SAWH7 NE, suggesting that even
though a higher quantity of gold is deposited due to the pH being closer to the
PZC, the plasma exposure would cause particles agglomeration, resulting in
larger particles in this sample when exposed to the plasma. This may indeed
explain why the gold peak detected by XRD is sharper and more intense for
all the exposed samples, as such peaks are typically observed when larger
particles are present in the solid.

It is worth nothing that for the SAW samples, the differences in the binding
energy and FWHM of Au 4f,, peak are not significant enough to conclusively
determine the particles size, except for SAWD7 and SAWD7 NE. In these
cases, the lower FWHM for the exposed sample could suggest larger particles,
but this does not align with the higher at % of gold detected on the surface.
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3.2.2.3. Difference between SA, SAWD and SAWH samples

The SA samples exhibit characteristics clearly different from the SAW
samples. We previously mentioned that the initial concentration of SnSO4
used, which is 3 times higher in these samples, influences the textural
properties of the formed SnO,. Additionally, the SnO, synthesized in these
samples is not washed, and the gold precursor is directly added to the pre-
exposed solution where untransformed SnSO4 remains. XPS analysis reveals
that this impacts the at % of elements present on the surface. Almost no gold
is detected when the suspension is exposed for 15 min, and none for 30 min.
The hypothesis for this observation is that gold precipitates quickly onto the
support when added to the suspension, but the residual SnSOj in the solution
can still precipitate and likely covers the Au particles formed. Consequently,
these gold particles become trapped within the bulk of the support, creating
an “egg-white” solid. These observations led us to conclude that a washing
step was necessary before adding the gold precursor.

Regarding the SAWD and SAWH samples, similar to the Au/TiO, samples
(Part III, Chapter 6, section 3.1.2.1), increasing the exposure time does not
seem to affect the amount of gold deposited, as the mass % remains the same
between 7 and 15 min of exposure. We might have expected that, as with
Au/TiO, samples, increased exposure time would enhance the agglomeration
of the particles. However, since the at % measured by XPS is higher with
longer exposure time, this does not appear to be the case. However, it is
challenging to draw conclusions about the particle size based solely on XPS
analyses. To confirm these hypotheses, Transmission Electron Microscopy
(TEM) images would have been valuable.

There are some differences between SAWD and SAWH samples. Notably, the
amount of gold detected by ICP and XPS is higher for SAWH than in SAWD
samples. This could be because there is more gold on the surface and/or
because the particles are better dispersed. We have observed that increasing
the amount of gold deposited on the surface of a support largely depends on
the amount of OH groups present on the surface. Therefore, it is plausible that
samples dried before being resuspended with the gold precursor have fewer
OH groups than humid samples. In fact, previous studies in literature have
examined the impact of prolonged exposure time of a solid to the plasma
discharge on the formation of OH groups on its surface. By exposing smectite
clay and SnO, materials to the discharge for extended periods, it was
discovered that the breakdown of the Si-O-Si, Si-O-Al, or Sn-O-Sn bonds
leads to the formation of new surface hydroxyl groups Sn-OH (Eq.6.5) [25,56]
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Sn—0-Sn+0H->Sn—0H+Sn—-0 (Eq.6.5)

However, performing a drying step may remove some of these newly formed
OH groups, which are useful for depositing more gold particles. Therefore,
omitting the drying step before adding the gold particles might be an effective
way to preserve the OH groups created by plasma exposure, thus increasing
the amount of gold deposited.

3.2.2.4. Catalytic activity

Looking at the catalytic activity of selection of synthesized solids for the total
oxidation of benzene, except for the SA samples, they all have a better activity
than the solid obtained when SnSQOy is exposed alone (Figure 6.15). This was
expected for the SA samples since the gold is completely covered by SnO,,
and the specific surface area developed is much lower than that of the Sn
sample. The activity for the samples dried before the addition of the gold
precursor (SAWD) is slightly better than Sn, but no difference is observed
among the SAWD samples with different exposure times (Figure 6.15). The
difference in catalytic activity is most notable for the SAWH7 and SAWH?7
NE samples, where the non-exposed solid exhibits the best performance
among them (Figure 6.15). As expected, since the SAH samples exhibit a
higher quantity of well-dispersed gold at their surface, they have better
catalytic activity than the SAWD samples. The washed and humid sample,
SAH15, has almost the same activity as the SAWD samples, indicating that
increasing the synthesis time for these samples decreases their catalytic
activity (Figure 6.15).
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Figure 6.15: Catalytic performances of of Au/SnO: — 2 steps solids obtained after (non-)
exposure to the GP in the total oxidation of benzene (conversion of benzene as function of
reaction temperature)

As previously explained in the introduction of Part I1I, Chapter 6, the literature
indicates that the size of gold NPs on a support influences the catalytic activity
of the solid. When the size of gold NPs exceeds 5 nm, their activity becomes
mostly negligible [141]. Our characterization and hypotheses with Au/TiO,
samples suggest that samples exposed for more than 7 min most likely
increase the size of their particles rather than the amount of gold they contain
(Part III, Chapter 6, section 3.1.2.1). However, for Au/SnO, samples, we
cannot draw the same conclusion, as the at % of gold detected by XPS
increases with the exposure time without changing the amount detected in
bulk. This would in principle imply an increase in distribution and, therefore,
a decrease in particles size. Normally, we would expect that samples exposed
15 min would have better catalytic activity. However, as mentioned before, it
is difficult to conclude something about the size of the gold NPs based solely
on XPS results. TEM analyses would have been more helpful in understanding
these results.

Additionally, it has been observed for Au/TiO, samples that plasma exposure
during synthesis tends to agglomerate the gold particles (Part III, Chapter 6,
section 3.1.2.1). Again, this does not seem to be the case with Au/SnO,
samples, as the non-exposed samples have less gold detected on their surface,
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reflecting a less well-dispersed particles and, therefore, larger gold particles,
which would normally mean less catalytic activity for the non-exposed
samples.

Therefore, explaining why the SAWH7 NE sample is more active than
SAWH7 sample is difficult with only the characterizations presented here.
TEM characterization would have been necessary to determine if their
difference comes from the size of the deposited gold NPs or not.

3.3. Au/SnO; — 1 step

As observed for Au/SnO; — 2 steps, the pH of the solution increases a little bit
with and without exposure, probably due to the buffer effect of HAuCl4 and/or
the HNO»/NO;  species created by GP (Table 6.11).

Table 6.11: pH of the Au + SnO:z — 1 step suspensions before and after (non-)exposure to the

GP
pH before exposure | pH after exposure
SAOP7 21 2.8
SAOP7 NE 24
SAOP15 )3 2.3
SAOP15 NE 2.5

The XR diffractograms of all the synthesized solid are composed of the
cassiterite SnO, phase and Au’ phase. However, the gold peaks are more
intense in the non-exposed samples, which is the opposite of the trend
observed for the 2-steps samples (Figure 6.16). This may be due to a greater
amount of gold precipitate forming without GP exposure or the formation of
more crystalline particles. For exposed samples, SnSOs phase is also
identified, likely resulting from a portion of the precursor that did not have
enough time to be transformed.
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Figure 6.16: XRD data of SAOP solids

By examining the surface composition of the samples using XPS, we can see
that the amount of S remaining in the solids is significantly higher than in
previous SA samples (Table 6.12). This is likely because the maximum
exposure time here is only 15 min, compared to at least 2h for the Au/SnO, —
2 steps samples, meaning that SnSO4 has less time to be transformed into tin
oxides. This aligns with the position of the S 2p peak, which corresponds to
the SO4* group. Furthermore, XPS analysis shows an Au at % of 0 for each
sample, indicating that no gold is present on the surface of the solid. However,
ICP analysis confirms the presence of gold within the sample, with a mass %
exceeding the targeted 3%.

In the one pot synthesis, since both gold and tin precursors are added
simultaneously and exposed together to the GP, we might have expected such
a result (Table 6.12). In fact, in previous observations, Part III, Chapter 6,
section 3.1.2.1, we deduced that the precipitation time of the gold precursor is
much smaller than that of SnSO4. This suggests that the Au that precipitates
during the exposure is gradually covered by SnO,, which takes longer to be
synthesized. Consequently, the resulting solid is primarily composed of SnO-,
with the gold NPs trapped inside.
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Table 6.12: XPS data of Au/SnO: — 1 step solids obtained after exposure to the GP

Sn* Au O* S
XPS XPS ICP XPS XPS
(Sn 3d) (Au 4f) (% mass) | (% at) (S 2p)
(% at) (% at)
E» (% at)
(eV)
SAOP 7 38.0 0 4.1 59.9 169.3 5.1
SAOP 15 39.7 0 4.6 55.5 169.3 4.8

* the % mass of Sn and O were not determined by ICP due to our inability to
completely dissolve the SnO; before analysis

Regarding the textural properties of the catalysts, they all exhibit an isotherm
characteristic of mesoporous solids, with a low specific surface area
(Supplementary information SI.19, Table 6.13). This is likely due to the
exposure time not being long enough to allow the development of the textural
properties previously obtained for SnO; solid.

Table 6.13: Textural properties obtained by Na-physisorption of Au/SnO: — 1 step solids
obtained after exposure to the GP (isotherms Supplementary information SI.19)

Specific surface area Pore volume
(m’/g) (cm*/g)
SAOP7 50 0.14
SAOP15 34 0.12

Concerning the catalytic activity of these SAOP solids, they are both less
catalytically active than SnO; synthesized by simply exposing SnSO4 to the
plasma discharge (Figure 6.17). This is expected, as the gold particles are
trapped inside the SnO; and therefore cannot contribute to the catalytic
activity of the solid. Furthermore, since the precursors are only exposed for a
maximum of 15 min, the final solid obtained has less favorable textural
properties than when we exposed SnSOj to the GP for 2h, resulting in a lower
specific surface area and consequently less catalytic activity.
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Figure 6.17: Catalytic performances of Au/SnO: — 1 step solids obtained after exposure to the
GP for the total oxidation of benzene (conversion of benzene as function of reaction
temperature)

4. Conclusion

Given that metal-supported catalysts had not been synthesized before by GP
in the literature and that we discovered the possibility of synthesizing certain
gold-based catalysts by GP (Part I, Chapter 2, section 3.2), we attempted to
develop the synthesis of Au/TiO; and Au/SnO; catalysts by GP.

By understanding the mechanism of gold deposition on the surface of metal
oxide, we identified that the GP deposition method of TiO; presents a big issue
mainly related to the pH of the medium. During the exposure, acidic species
are produced, causing the pH of the medium to decrease rapidly to around pH
3, or even lower if an acidic precursor is present, as is the case with HAuCla.
However, the optimal way to deposit a large amount of gold with strong bonds,
which increases their stability and decreases the size of the NPs, is to maintain
at higher pH, close to the PZC of the support. At this pH level, the number of
OH groups on the surface is at its maximum, allowing more gold complexes
to bind to the surface. Furthermore, at lower pH, fewer [AuCl,(OH),] species
are present compared to [AuCl;(OH)], meaning that fewer bidentate bonds
can be formed, which are crucial for providing higher stability to the gold NPs.
This poses an issue in further steps like drying, which enhances the
agglomeration of gold NPs and therefore decreases their catalytic activity.
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Additionally, apart from the pH issue, plasma can potentially pre-reduce the
gold NPs on the surface of the solid, causing them to agglomerate before the
drying step, thereby increasing the issue in the synthesis of Au/TiO; catalysts
by GP.

Since we currently do not control the pH of the medium during the exposure,
the only adjustment we can make in gold-deposition by GP is to use a support
with a lower PZC. This would allow for more OH groups on the surface of the
support, potentially increasing the amount of gold deposited and enhancing
their stability. This is one of the reasons why SnO, was considered as a
support, in addition to its potential to be synthesized by GP.

Contrary to what was observed with TiO, as support, in the case of SnO,, the
pH of the medium is higher and closer to the PZC of the support when exposed
to the GP. This is due to the lower PZC of SnO> and the lower initial pH of the
solution compared to TiO,, which increases with the exposure due to the
buffering effect of HNO»/NO>" species created by GP. Therefore, this seems
to influence the deposition of gold on SnO; by increasing the amount that can
bind to the surface and create more bidentate bonds.

Although the deposition of gold on SnO, works better than on TiO, we have
identified a critical step in creating effective Au/SnO; catalysts. This is the
washing of the pre-synthesized support before adding the gold precursor, to
prevent the covering of the gold by the residual SnSOs that has not yet reacted.
Furthermore, it appears that not drying the pre-synthesized support before
adding the gold precursor is also beneficial, as it allows the deposition of more
gold thanks to the OH groups developed during the exposure that do not
disappear during the (absent) drying step. We would have expected that gold
NPs deposited by GP would be more numerous and smaller, thereby providing
better catalytic activity than the non-exposed solid, but this is not the case. It
is possible that, as previously mentioned for Au/TiO, solids, the plasma
potentially pre-reduces the gold NPs on the surface of the solid, causing them
to agglomerate before the drying step. However, to confirm this hypothesis,
TEM characterization would have been necessary.

Finally, we attempted a one-pot synthesis of supported catalysts, but this
method is not suitable for Au/SnO; solids because the precipitation times for
the gold NPs and the SnO, support differ too much, particularly because the
gold precipitates more quickly than the support. This might have been less an
issue if the support formed more rapidly than the metal, as the support would
have had the time to develop its beneficial properties before that the metal
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begins to precipitate, increasing the likelihood of it being deposited on the
surface of the pre-formed support.

In conclusion of this chapter, we have successfully developed supported gold
catalysts on 2 types of support: P25 and plasma-synthesized SnO,. However,
the current synthesis conditions in GP synthesis pose challenges in the
formation of these catalysts, particularly due to the acidification of the
medium during the exposure, which has not yet been controlled. Since gold
deposition is highly dependent on this parameter and the number of supports
with a low PZC is limited, synthesizing effective gold-supported catalysts by
this method seems challenging, at least without changing the existing
synthesis conditions. However, we previously discovered in Part I, Chapter 2,
section 3.2, that Ru-based catalysts can also be synthesized by GP. Therefore,
it might be possible to attempt the formation of some Ru-supported catalysts
by GP.
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As mentioned in the general introduction, the GP catalysts synthesis has
emerged as an intriguing method for producing interesting catalysts while
using attractive conditions compared to traditional synthesis approaches.
However, until now, the method has been somewhat enigmatic, with
limited understanding of the underlying solids formation mechanisms and
how the conventional GP synthesis conditions could be modified to
enhance catalysts performance, as well as the economic and ecological
aspects of the process.

The first goal of this thesis was to improve the more complete
understanding of the GP synthesis method. We began to identify the
primary plasma species responsible for precipitating the precursors
exposed to the discharge. Contrary to what was stated in the literature
before, we discovered that OH radicals are not responsible for oxidizing
the exposed precursors. Instead, we found that long-lived species,
particularly HNO; and/or NO,", are the main active agents. Additionally,
we observed that oxygen-based species significantly impact the reaction.
In fact, when pure O is used instead of humid air as plasma gas, the yield
of the solid formed increased.

We also wanted to investigate the parameters influencing the ability of
specific precursors to react by humid air GP, leading to the precipitate
formation. The aim was to deepen our understanding of the method,
ultimately enabling the synthesis of a broader range of catalysts and
increasing the interest of GP as an innovative catalyst synthesis method.
Several factors were identified as key in determining the ability of a
precursor to react, including medium pH, potential of redox reactions,
nature of the metal precursor and the solubility of both precursor and
precipitate. These identified factors allowed us to create a dichotomous
key for anticipating the potential reaction and precipitation of any
precursor exposed to the GP. By utilizing this key, we identified 2 new
precursors that react by GP, leading to the formation of new types of solids
never before synthesized by this method: Au and Ru-based solids. This
demonstrates the GP’s potential as a promising method for developing
new types of catalysts, such as metal-supported catalysts.

The second goal of the thesis was to enhance the economic and ecological
viability of the GP synthesis by improving the characteristics of the
synthesized solids and/or refining the synthesis conditions. To achieve
this, we proposed three approaches: the PT step, the no cooling system,
and the PAW. Both the PT step and the no-cooling system proved
promising for developing catalysts with desirable characteristics.
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Depending on the precursor used, adding a PT step (at AT or 100°C) and/or
utilizing the no cooling system helped develop catalysts with improved
characteristics, such as more catalytically active phases and increased
specific surface area, which in turn boosted their catalytic activity. We
discovered that the PT step primarily consists in a maturation step, which
can be accelerated by adding heat, leading us to the idea of using the no-
cooling system. This system is particularly intriguing as, depending on the
precursor, it can sometimes develop similar characteristics to those
obtained through the PT step, but with a significant reduction in synthesis
time and thus energy consumption. Finally, we introduced the PAW
synthesis and utilized the long-lived species generated in PAW, previously
identified as triggering the precipitation process. Although we were able
to precipitate solids under these conditions, their characteristics differed
from those formed by direct exposure to the discharge due to a distinct
precipitation mechanism.

In the final part of this thesis, we attempted to develop supported metal
catalysts by GP, a task that had not been done before. We successfully
developed gold-supported catalysts (Au/TiO, and Au/Sn0O»). However, the
current synthesis conditions in gold supported GP synthesis present
challenges, particularly due to the acidification of the medium during the
exposure, which remains uncontrolled. Since gold deposition is highly
dependent on this parameter and that availability of supports with a low
PZC required for depositing a higher amount of gold NPs is limited,
synthesizing effective gold-supported catalysts by this method appears
challenging, at least without changing the existing synthesis conditions.

So as a general conclusion, this thesis has significantly advanced our
understanding of the GP catalysts synthesis method, shedding light on the
“magical” aspects previously attributed to this process. We have
established that plasma is a complex system, generating a variety of
reactive species that can lead to multiple types of reactions. This
complexity may introduce unique characteristics that would be impossible
to achieve using chemical reagent synthesized through conventional
methods, employed as the sole agent for the precipitation reaction of the
metal precursor salt. However, along with this improved understanding,
we have also identified the limitations of GP catalyst synthesis.
Specifically, without altering the conventional synthesis parameters
currently employed, it appears challenging to precipitate more solids
beyond those already discovered in this research. Nevertheless, the
discovery of these precipitates still allows the development in synthesizing
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new types of catalysts, such as supported catalysts. Furthermore, although
we proposed only three approaches to improve the synthesis conditions
and/or the characteristics of the solids formed, there remains other
opportunities to further improve the method.

With a deeper understanding of the impact of different aspects of the
methods on catalysts synthesis, it is possible to explore various synthesis
parameters to enhance our knowledge further, and eventually developing
additional types of solids with novel properties.

In the first part of the thesis, we observed that using O, as a plasma gas
appears to be a more effective way to increase the yield of precipitates
formed. This suggests that further investigation into the effect of pure O»
as plasma gas on the precipitation of solids could be highly beneficial. If
another plasma gas source can develop similar catalysts while
significantly increasing the yield, it could enhance the economic viability
of the method. Additionally, just as we studied the species responsible for
triggering the precipitation reaction when using humid air as plasma gas,
it would be valuable to examine the species involved when O, is used.
Preliminary experiments where water was exposed to plasma using O,
followed by the addition of the precursor, resulted in similar precipitates
as direct exposure, indicating that long-lived species are still playing a key
role in the reaction, even with O,. Therefore, identifying these species
could help us understand which ones are responsible for triggering the
reaction under these conditions. Moreover, as we identified several
parameters affecting the precipitation with humid air as plasma gas, it
would be interesting to see whether these parameters, such as the pH of
the medium and potential of redox reactions between reactive plasma
species, also matter when using Os.

It is evident that forming every desired precipitate by GP is challenging
without altering the current synthesis conditions. Based on the parameters
we have identified as important in the reaction of the precursors, it would
be worthwhile to modify the conditions, such as the medium’s pH, the
plasma gas, or the medium type, to explore the formation of other types of
solids. For example, controlling the medium’s pH is crucial, as the
acidification that occurs during the exposure presents a significant
challenge for precipitating certain oxides and hydroxides. Previous studies
have shown that it is possible to control the pH of an aqueous solution
exposed to the GP by using buffers stable to the discharge [145]. However,
our preliminary work indicates that this is complicated, as it alters the
species present in the system and may interfere with the HNO2/NOy
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species formed, which are key to the reaction. We also found that the redox
reaction between the precursor and HNO, and/or NO, species is an
important aspect to consider. If we later find that O, is more effective as a
plasma gas and that other species are responsible for the reaction, it might
be possible to trigger other types of redox reaction, potentially leading to
the formation of solids that could not be produced through a redox reaction
with HNO, and/or NO, species. Finally, using water as medium also
imposes limitation, such as the precursor that can be used (which needs to
be soluble in water), the precipitate formed (which needs to be insoluble
in water), and the species formed. Exploring the use of alternative media
exposed to the plasma could expand the range of solids formed. However,
this would complicate the system and might reduce the method’s
ecological benefits, which are more pronounced when using water
compared to methods involving organic solvents.

The improvements proposed here have already shown promises in
developing better catalysts. For example, the PT step, conducted at
ambient temperature for 72 h and at 100°C for 3 h, proved to be effective
in developing valuable characteristics in the plasma-synthesized solids.
However, now that we understand that this step is a maturation process,
we could explore optimizing it for each type of solid synthesized,
adjusting conditions such as temperature, time, and atmosphere, to
achieve specific desired characteristics. Furthermore, while long-lived
species present during the PT step do not affect the phase transformation,
they do influence the precipitation of remaining precursor, thereby
increasing the yield. Therefore, it would be interesting to study the optimal
exposure time for a specific precursor followed by the PT step, aiming to
produce the most efficient catalysts while minimizing energy used and/or
synthesis time.

Regarding the no cooling system, our studies so far have been conducted
without temperature control. However, altering the temperature during the
exposure could potentially lead to the development of different
characteristics depending on the precursor used. This could be via
reducing the temperature with a controlled cooling system or increasing
it, tough the latter might pose issues such as solution evaporation and the
loss of the “no energy input” benefit.

Other synthesis parameters could also be studied for the known reactive
precursors. For example, we noted in the last chapter that the initial
concentration of the precursor dictates the final solid formed (observed for
SnSOy). It would be interesting to investigate the impact of this parameter
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but also others, such as exposure time, discharge voltage, air flow rate sent
between the electrodes, etc. All of these factors likely influence the type
of solid formed, its formation rate, and its yield, offering valuable insights
for further method development. Furthermore, it would be interesting to
examine how adding a porogen agent affects the textural properties of the
developed solids, as this could enhance the range of properties achievable
through GP catalysts synthesis.

Regarding potential improvements in GP catalyst synthesis through varied
synthesis conditions, it would also be wvaluable to enhance our
understanding of how these conditions do induce changes in the
synthesized solids by using additional characterization methods. For
instance, Dynamic Light Scattering (DLS) could be useful for measuring
the size of the synthesized particles and assessing the effects of different
conditions on their growth and/or agglomeration [146]. Additionally,
identifying the phases developed in the solids could be refined by using
techniques that provide more detailed structural and compositional
information. Mdssbauer spectroscopy, for example, is a powerful
technique for examining the local atomic environment of elements such
as iron and tin in solids, and giving information about electronic structure,
phase composition and valence states of the element analyzed [147].
Auger Electron Spectroscopy (AES) can provide an additional detailed
surface chemical composition and phase distinction for elements that
exhibit overlapping XPS peaks [148]. For example, in materials
containing tin, examining the Auger spectra of Sn allows differentiation
between SnO and SnO; phases [105]. By implementing these advanced
techniques, a more comprehensive analysis of GP-synthesized catalysts
can be achieved, providing insights into both bulk and surface properties
and improving control over synthesis outcomes.

Finally, in Part I, Chapter 2, section 3.2, we discovered that Ru-based
catalysts can also be synthesized by GP. This opens the possibility of
attempting to form Ru-supported catalysts by GP. Additionally, other
supported catalysts could be developed, either entirely through GP
(MnOy/FeOy, MnO,/SnOy, ...) or by synthesizing a metal oxide by GP and
then achieving a deposition to form a supported catalyst, using another
method. However, as the range of solids that can be synthesized by GP is
limited, it remains challenging to produce a wide variety of catalysts using
only this method. Without changing the conventional synthesis conditions,
we are restricted in the types of precipitates, and therefore the types of
catalysts, that can be synthesized by GP. Therefore, it would be highly
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valuable to investigate the other previously proposed parameters to
potentially precipitate new types of solids, which could lead to the
development of a wide variety of catalysts types.

From an industrial perspective, if the GP method becomes sufficiently
promising for large-scale development, there may be opportunities to
improve the reactor itself. Currently, the reactor used is a small volume
batch reactor. It might be possible to increase the reactor’s volume to
synthesize larger amount of catalysts, but this would likely require
changes to the electrodes system. Simply increasing the distance between
the electrodes to enlarge the plume is not feasible, as it would require a
higher voltage to maintain the arc, which could pose an issue. However, it
is possible to create larger plume using gliding arc plasma with multiple
electrodes, which has already been developed. Additionally, other types of
plume, such as rotating arcs, have been developed and have shown
promise in generating a greater number of plasma species, which could be
advantageous for catalysts synthesis [33,43].

Furthermore, the current reactor used is a batch system, but for industrial-
scale applications, a continuous reactor might be preferred. One could
envision developing such a reactor for catalysts synthesis by, for example,
using fixed electrodes while moving the precursor solution beneath the
plume at a controlled rate (preferably slow to allow sufficient time for the
species to react with the precursor). Alternatively, the precursor solution
could be transported by the plasma gas, passing directly between the
electrodes and coming into contact with the arc and the plume, potentially
triggering new reactions or increasing the yield of the formed precipitate.

In conclusion, while it may initially seem challenging to scale up GP
catalysts synthesis due to limitations in the types of solids that can be
synthesized under current conditions, exploring different parameters could
significantly enhance the method’s potential. By developing new types of
catalysts with specific characteristics, all while maintaining advantageous
synthesis conditions, the GP method could become a more viable option
for large-scale industrial applications.
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SI1.1. Calibration curves of NaNO:2: and NaNOs for NO:z and
NOs" quantification

To quantify the concentration of NO, and NO; generated in
demineralized water upon exposure to humid air GP, calibration curves
were established using NaNO, and NaNOs solutions (Table SI.1). The
absorbance spectra of these solutions, measured within the wavelength
range of 200 to 260 nm, are illustrated in Figure SI.I.1a for NaNO3 and
Figure SL.I.1b for NaNO,. For the determination of NO, concentration,
the absorbance intensity measurement was carried out at a wavelength of
240 nm, as it exhibits exclusive absorption at this wavelength. Meanwhile,
the absorbance intensity of NOs” was recorded at 210 nm. However, given
that both NO,  and NOs  absorb at this wavelength, an additional
calibration curve for NO,™ at 210 nm was established. This allowed for
subsequent quantification to account for the contribution of NO»
absorption at this wavelength (Figure SI.1c).

Table SI.1: Concentration solutions of NOz and NOs for the calibration curves of NOx

and NOs

Solution | Concentration of NaNO: | Concentration of NaNO3
number (mg/L) (mg/L)

1 6.90 17.00

2 345 8.50

3 2.30 4.25

4 1.76 2.13

5 1.20 1.06

6 0.86 /
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Figure SI.1b: Absorbance spectra of NaNO: solutions
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Figure SI.1c: Calibration curves of NaNO3 and NaNO: solutions at 210 nm and 240 nm

SI.2. NO2" and NOs™ quantification thanks to NaNO3 and NaNO:z
calibration curves
We first conducted measurements on demineralized water subjected to GP

exposure for 1h, with 15 min intervals. The resulting absorbance values
recorded at wavelengths of 240 and 210 nm are presented in Table SI.2a.

Table SI.2a: Absorbance values at wavelengths of 240 and 210 nm of demineralized
water subjected to GP exposure for 1h, with 15 min intervals.

Absorbance at Water 15 Water 30 Water 45 Water 60
min diluted | min diluted | min diluted | min diluted

8x 8x 8x 8x
240 nm 0.036 0.059 0.085 0.092
210 nm 0.628 1.195 1.749 1.964

With reference to these measurements and the calibration curve
established at 240 nm, as detailed in Supplementary Information SI.1, we
are able to determine the quantity of NO; generated as a function of the
exposure time (Eq.S1.2a). Subsequently, utilizing this value in conjunction
with the calibration curve established at 210 nm, also presented in
Supplementary Information SI.I.1, we can compute the quantity of NO3
formed as a function of the exposure time (Eq.SI.2b). To obtain the
accurate concentrations of both NO,  and NOs™ within the medium, we
need to multiply the obtained value by the corresponding dilution factor
of 8 (Table SI.2b).
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Azaonm = 0.004 * [NO3 ]

@ voy] = e

Agronm = (0.0667 * [NO5]) + (0.0982 + [NO3])

(Eq.S1.2a)

B A —(0.0667 * [NO5 ])
<::?[1\]03] — ( 210nm 0983 2 )

Table S1.2b: Concentrations of NOz and NOs generated within demineralized water
exposed to GP

(Eq.SI.2b)

Concentration Water 15 Water 30 Water 45 Water 60
(mg/L) min min min min
NO2- 72.60 117.00 170.00 184.00
NOs3 1.88 17.88 27.00 35.02

SI.3. Calibration curve of MnO4 and Fe(phen)s2* for MnO4™ and
Fe?* quantification

To quantify the concentration of MnOy4 transformed in demineralized
water upon exposure to humid air GP, calibration curves were established
using KMnOy solutions (Table SI.3a). The absorbance spectra of these
solutions, measured within the wavelength range of 425 to 625 nm, are
illustrated in Figure SI.3a. For the determination of MnOy4™ concentration,
the absorbance intensity measurement was carried out at a wavelength of
525 nm, as it exhibits its maximum of intensity (Figure SI.3b).

Table SI.3a: Concentration solutions of MnOy for the calibration curves

Solution Concentration of KMnOy
number (mg/L) (mol/L)
1 15.63 9.88*107
2 31.25 1.2*10
3 62.50 3.95%104
4 93.75 5.93*%10+
5 125.00 7.91%104
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Figure SL.3b: Calibration curves of MnOy solutions at 525 nm

To quantify the concentration of FeSO, transformed in demineralized
water upon exposure to humid air GP, calibration curves were established
using FeSO4 and 1,10-phenantroline solutions (Table SI.3b). A blank
solution of 1 g/L solution of 1,10-phenantroline in demineralized water
served as the reference. The absorbance spectra of these solutions,
measured within the wavelength range of 350 to 650 nm, are illustrated in
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Figure SI.3c. For the determination of Fe(phen);** concentration, the
absorbance intensity measurement was carried out at a wavelength of 510
nm, as it exhibits its maximum of intensity (Figure SI.3d).

Table SI1.3b: Composition of Fe’* and phen solutions for the calibration curves of

Fe(phen)s**
In a 100 mL flask Total concentration
of FeSO4
Volume Volume of a 1 Volume of
Solution | ofa 102 | g/L solution of | demine-ralized
number mol/L 1,10- water (mg/L) (mol/L)
FeSO4 phenantroline (mL)
solution (mL)
(mL)
1 0.25 94.75 7 2.5%1073
2 0.33 94.67 9 3.3*%10°
3 0.50 5 94.50 14 5%10°
4 0.66 94.34 18 6.6%107
5 1.00 94.00 28 1*10*
1.0+ 28 Mg/L
0.9 J 18 mg/L
] s 14 mg/L
0.8 H s O MQ/L
- ] m— 7 mg/L
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Figure SI.3c: Absorbance spectra of [Fe(phen)s3]** solutions
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Figure SI.3d: Calibration curves of [Fe(phen)s]** solutions at 510 nm
SI.4. Pourbaix diagrams of metal exposed to the GP
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Figure S1.4h: Pourbaix diagram of Ni-water at 25°C [86]
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relates to solutions saturated with V, V202, V203, V204 or V20s. [86]
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Figure S1.40: Pourbaix diagram of Zr-water at 25°C (considering ZrO1.2H:20)

SLI.5. Redox reactions between HNO:2 or NO:  species and
precursors exposed to the GP, considering the actual E of the
redox couples

To calculate the actual E of the redox couple involving HNO, and NO,
species, the concentration of these species, as well as the partial pressure
of the gaseous species involved in the reaction (NO or NO), need to be
considered (Table SI.5a). In Chapter 1, the amount of NO; species
generated in demineralized water exposed to the GP over time was
measured by UV-visible spectroscopy. Using this value, the pKa of the
HNO/NO; buffer (pKa = 3.15), and the pH of the solution after the
exposure, it is possible to calculate the concentration of HNO, formed
over time (Eq.SI.5a, Table SI.5b). However, since the partial pressures of
the gaseous species generated in the reactor are unknown, we have chosen
to set this value at 1.
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pH = pKa+log<

Crnoy )
Cuno,

Eq.S1.5a

Table SI.5a: Redox couples where HNO: or NOx act as oxidants and reducers with only 1 electron involved [86]

When HNOz or NO2" act | When HNOz or NO2" E Equation number
as oxidant act as reducer V)
C
NO7 +2H* + e~ N0 + Hy0 1.2 — 0.1182pH + 0. 059110g< ”"2) Eq.SL5b
Oxidant . _ Cuno,
HNO, +H" +e NO4) + H,0 1.00 — 0.0591pH + 0.0591 log Eq.SIL.5¢
NO, +e” NOy 0.90 + 0.0591log <pN°2) Eq.SI.5d
Cno
Reducer ’ P
NO, + H* + e~ HNO, 1.09 — 0.0591pH + 0.0591 log< N0, ) Eq.SL5e

Cuno,
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Table SI1.5b: Concentration of HNO: and NO> species generated over time in demineralized water exposed to the GP

Exposure time PH Cno; Cuno,
(min) (mol/L) (mol/L)
0 5.4 0 0
15 3.5 1.59 x 1073 7.10 * 107*
30 3.4 2.25% 1073 1.27 % 1073
45 3.2 3.70 * 1073 3.30 1073
60 3 4.00+1073 5.65 % 1073

Using the concentration of HNO, and NO,™ generated after 1h of exposure, a partial pressure set to 1, and the pH of the medium after
exposure of each precursor, it is possible to calculate a value of E for the redox couple involving HNO, and NO>" species, for each
exposed precursor solution (Table SI.5a). Additionally, as previously performed, knowing the pH of the medium after exposure of each
precursor and the concentration used for each, it is possible to calculate the actual E for the redox couples implying the precursor.
Finally, by calculating the AE for each precursor exposed to the GP, we observe the same conclusions as before, when considering the
E° for the redox couple involving HNO, and NO,", where AE > 0 for the precursors that form a precipitate upon GP exposure (Table
SI.5¢) and AE < 0 for those that do not form a precipitate (Table SI.5d).
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Table SI.5¢: Redox reactions between HNO: or NOz species and precursors exposed to the GP that give a precipitate [88]

Reduction of the precursors

KMnO4 ; NaMnO4 [86]:
MnOy + 4H" + 3e~ = MnO0, + 2H,0
E=1.692—0.0788pH + 0.0197log(Cyno;) = 1.41V

NO2/NO> (EqSL.5d) MnO; + 4H* + 3NO; = MnO, + 2H,0 + 3NO, AE =035V
E=106V
NOZ[I;TOIZ gz7q.51.5e) MnO; + H* + 3HNO, = MnO, + 2H,0 + 3NO, AE =034V

304



Supplementary Information

Oxidation of the precursor

FeS04.7H20 ; (NH4):Fe(SO4)2.6H20 [86]:
FeOOH + 3H* + e~ = Fe** + 2H,0
E=0.77 - 0.1773pH — 0.0591log(Cp,2+) = 0.36 V

NO2/NO (Eq.S1.3b) Fe?* + H,0 + NO; = FeOOH + H* + NO AE =034V
E=070V
HNO/NO (Eq.SL5c) Fe + H,0 + HNO, = FeOOH + 2H* + NO AE =033V
E=069V
SnSO4 ; SnCl [86];
Sno0, + 4H* + 2e™ = Sn?* + 2H,0
E=—0.077 — 0.1182pH — 0.0295log(C,,2+) = —0.26 V
NO2/NO (Eq.S1.5b) Sn?* + 2NO; = Sn0, + 2NO AE =1.07V
E=081V
HNO2/NO (EqS1.5¢) Sn?* + 2HNO, = Sn0, + 2NO + 2H* AE=1V
E=074V
TiCl; [86]:
TiO, + 4H* + e~ 2 Ti3* + 2H,0
E =-0.666 — 0.2364pH — 0.0591log(C;;3+) = —1.11V
NOz/NO (Eq:S1.5b) Ti3* + H,0 + NO; = Ti0, + 2H* + NO AE =196V
E =085V
HNO];/IEOO(;ES'SI'SC) Ti3* + Hy0 + HNO, = Ti0, + 3H* + NO AE =187V
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Table S1.5d: Redox reactions between HNO: or NOz species and precursors exposed to the GP that do not give a precipitate

Reduction of the precursors
AgNO; ; AsCH3COO [86]:
Agt+e =Ag
Eo = 0.799 +0.0591l0g (C(4,+)) = 0.68 V
NOz/N?f (Eq.SL5d) Ag* +NO; = Ag + N0, AE =—-036V
E=104V
NO2/HNO: (Eq.Sl.5¢) Ag*t + HNO, = Ag + NO, + H* AE = —037V
E =105V
Bi(NO3)s [86]:
Bi3* +3e” = Bi
Ey =0.215+0.0197log(Cpp3+) = 0.16 V
NO2/NO; (EqS1.5d) Bi3* + 3NO; = Bi + 3NO, AE = —0.88V
E=104V
NOZ/?TO; (Oiqfl'se) Bi** + 3HNO, = Bi + 3NO, + 3H* AE = —092V
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Na;MoO4 [86]:
MoO5 +4H* + 2e” = MoO, + 2H,0
Eo = 0.606 — 0.1182pH + 0.0295l0g (C,y,03-) = =0.09V
NO/NO; (Eq.51.5d) Mo02™ + 4H* 4+ 2NO; = MoO, + 2H,0 + 2NO, AE = -1.13V
E=104V
NO/HNO2(EQSLSe) |y 2= 4 o+ 4 2HNO, = MoO, + 2H,0 + 2NO, AE = —0.99V
E=090V
Ni(CH3CO0):[86]:
Ni** 4+ 2e” > Ni
Eq = —0.250 + 0.0295log(Cy;2+) = —0.31V
NO2/NOz (Eq.SL5d) Ni%* + 2NO; — Ni + 2NO, AE = -135V
E=104V
NO/HNO: (Eq.S1.5¢) Ni%* + 2HNO, - Ni + 2NO, + 2H* AE =-12V
E=089V
Oxidation of the precursor
Ni(CH3CO0):[86]:
Ni;0, + 8H* + 2e~ = 3Ni%* + 4H,0
Ey =1.977 — 0.2364pH — 0.0886log(Cy;2+) = 1.40V
NOz/NO (Eq.SI.5b) 3Ni2* + 2H,0 + 2NO; = Niz0, + 4H* + 2NO AE = —1.02V
E=038V
HNO;@%(;E;'SI'SC) 3Ni2* + 2H,0 + 2HNO, = Ni;0, + 6H* + 2NO AE = —0.87V
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SI.6 Isotherms obtained by N2-physisorption for solid developed
with iron precursors without and with PT
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Figure SI.6a: Isotherms obtained by N2-physisorption for solids obtained from
(NHq)2Fe(SO04)2 (a) without and with PT (b) (3h-100°C) and (c) (72h-25°C)
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Figure S1.6b: Isotherms obtained by Na>-physisorption for solids obtained from FeSOy4 (a)
without and with PT (b) (3h-100°C) and (c) (72h-25°C)
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SL.7.
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Isotherms obtained by N:-physisorption for solid
developed with tin precursors without and with PT
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Figure SI.7a: Isotherms obtained by N2-physisorption for solids obtained from SnSO4 (a)
without and with PT (b) (3h-100°C) and (c) (72h-25°C)
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Figure SI.7b: Isotherms obtained by N2-physisorption for solids obtained from SnCl: (a)
without and with PT (b) (3h-100°C) and (c) (72h-25°C)
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SI.8. SEM images of solids formed from SnSQO4 with and without
PT
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Figure SI.8. SEM images of solids formed from SnSO4 (a) without PT ; (b) + PT (3h-
100°C) ; (c) + PT (72h-AT)
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SL.9. Diffractograms of SnO: synthesized by classical with base
(NH3) addition precipitation
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Figure S1.9: XRD data of SnO: synthesized by classical with base (NH3) addition
precipitation

SI.10. Isotherms obtained by N:-physisorption for solid
developed with iron precursors with and without the cooling
system
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Figure SI.10a: Isotherm obtained by N2-physisorption for solids obtained from
(NHq4)2Fe(SOq)2 (a) with and (b) without cooling system
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Figure S1.10b: Isotherm obtained by N2-physisorption for solids obtained from FeSO4 (a)
with and (b) without cooling system

SI.11. Isotherms obtained by N:-physisorption for solid
developed with tin precursors with and without cooling system

(a) 100 —e—5nS0O, A}
E ] :
N 8o . 1
o o
E s
g 6o 0= A".i/././

o]
S , o
ie]
i 40
.g ‘,
>
o 2
0

00 01 02 03 04 05 06 07 08 09 10
Relative Pressure (P/P)

319



Supplementary Information

Sn‘SO4 n6 cool‘ing
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Figure SI.11a: Isotherm obtained by N»>-physisorption for solids obtained from SnSOq (a)
with cooling and (b) without cooling
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Figure SI.11b: Isotherm obtained by Na-physisorption for solids obtained from SnCl> (a)
with cooling and (b) without cooling

SI.12. XRD data of solids obtained with FeSO4, KMnO4 and
SnS0O4 added to PAW before calcination
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Figure SI.12: XRD data of solids obtained with FeSO4, KMnO4 and SnSO4 added to
PAW before calcination
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SI.13. Isotherms obtained by N:-physisorption for solid
developed with FeSO4, KMnO4 and SnSO4 by direct exposure
and by PAW
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Figure SI.13a: Isotherm obtained by N2-physisorption for solids obtained from FeSO4 (a)

by direct exposure and (b) by PAW
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Figure SI.13b: Isotherm obtained by N2-physisorption for solids obtained from KMnQO4
(a) by direct exposure and (b) by PAW
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SI.14. Isotherms obtained by N:-physisorption for solid
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SI.18. Isotherms obtained by N:-physisorption for solid

developed for Au/SnO:

(@

(b)

80 -4*0— Sn|

~
o

[o2]
o

a1
o

*0e-o-

%2 000 o-o-—on'Wo‘f

w
o

N
o

Quantity Adsorbed (cm3/g STP)
N
.

=
o

o

01 02

o
o

K _ —e— SAl5

60

03 04 05 06 07 08 09 10
Relative Pressure (P/P,)

a1
o

N
o

w
o

)—0—0—0 00-00-9f v P BV B BN E

N
o
\
Y

Quantity Adsorbed (cm?3/g STP)

=
o

00 01 02

03 04 05 06 07 08 09 10

Relative Pressure (P/P,)

332



Supplementary Information

(©)

(d)

Quantity Adsorbed (cm3/g STP)

Quantity Adsorbed (cm3/g STP)

] w w
(3] o a1

Ny
o

15

100

] [+ sA30

@ L= /

90

—eo— SAWD7

02 03 04 05 06 07 08 09 10

Relative Pressure (P/P,)

80

70

60

50

303

S Y S il

40 —7

20

10

0

0.0

0.1

02 03 04 05 06 07 08 09 10
Relative Pressure (P/P,)

333



Supplementary Information

(e)

)

~
o

D O
o o

] | | |
1 e sawbD15|

2]
a1

H
g o

o0 © 0 0 0-0-0-0 000 0
- 0-0—-0-0-0-9 ¢ o

N
o

.4‘- A d ¢ —0oeo—0-9090

N W
o o
.b.

Ny
o

Quantity Adsorbed (cm3/g STP)
w

=
o o

ol

o
o .
o

©
o
|

| = SAWH7|

01 02 03 04 05 06 07 08 09 10
Relative Pressure (P/P,)

o]
o

-
o

‘i
s

D
o

a1
o

...-.ﬁw :

N
o
1

N
o

r

Quantity Adsorbed (cm3/g STP)

=
o

o

o
o

01 02 03 04 05 06 07 08 09 10
Relative Pressure (P/Py)

334



Supplementary Information

@ © 1] SA‘\NH7‘NE}

~
o

[o2]
o

I3
S

T

|

|

|

I
o
T .

w
o

N
o

Quantity Adsorbed (cm3/g STP)

[
o

00 01 02 03 04 05 06 07 08 09 10
Relative Pressure (P/P,)

(h) { [ = SAWH15 #
] F 1
f

©
o
|

@
o

~
o

a1 =2}
o o
L L
]
u

~

w
o
8

Ny
o

Quantity Adsorbed (cm3/g STP)
|

=
o
L

o
L

00 01 02 03 04 05 06 07 08 09 10
Relative Pressure (P/P,)
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SI.19. Isotherms obtained by N:-physisorption for solid

developed for Au/SnO:
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