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ABSTRACT

Fossil fuels' scarcity, expense, and environmental hazards necessitate
sustainable alternatives. Biofuels, like biodiesel, derived from organic
materials, offer promising renewable energy options with low environmental
impact. Biodiesel production has significantly grown and is projected to reach
46 billion liters by 2030. The main by-product, crude glycerol, poses a waste
issue, but its valorization into high-value chemicals can enhance biodiesel
production's value chain. Alkyl lactates offer versatile applications, especially
for synthesizing biopolymers such as polylactic acid from bio-based sources
like sugars and glycerol. The catalytic transformation of glycerol to alkyl
lactates relies on a multistep process involving noble metal nanoparticles and
Lewis acid sites. Green chemistry principles emphasize developing
heterogeneous catalysts, combining different catalysts in one reactor, or
creating multifunctional catalysts to efficiently run the reactions. However,
combining different catalytic sites on one unique material can be challenging
as multi-steps synthesis can damage the pre-existing active sites, be time-
consuming and produce many wastes. This thesis addresses the existing
challenges in the current research on synthesizing bifunctional catalysts.

On the one hand, new types of supported gold nanoparticles are prepared
in one-pot with their support by the aerosol-assisted sol-gel technique, and
investigated with a particular focus on the control of the nanoparticles
formation and avoiding their sintering. Upon optimization of the synthesis
parameters, small gold nanoparticles embedded on a silica support is
successfully prepared and this novel synthesis protocol was successfully
extended to other metals. These materials are exploited for the selective
oxidation of glycerol to dihydroxyacetone.

On the other hand, the synthesis of bifunctional catalysts, and more
precisely combining supported metal nanoparticles and Lewis acid sites is
investigated. These catalysts promote the direct conversion of glycerol to
lactates, converting rapidly the intermediate (dihydroxyacetone) and
minimizing the formation of side-products. The benefit to run the cascade
reaction with a bifunctional material as compared to mechanical mixtures is
demonstrated.
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GENERAL INTRODUCTION

This section settles the context in which the present thesis was conducted.
Then, aliterature review is proposed so as to bring and explain the key notions
that will be discussed throughout the document. Finally, the objectives are
defined and the strategy is exposed.






GENERAL CONTEXT

In recent years, the global research community has been confronted with
the pressing need to address global challenges, such as climate change and
fossil fuel resources scarcity. The heavy reliance on fossil fuels has led to a
marked surge in greenhouse gas emissions, ecosystem degradation, and
depletion non-renewable resources. As the urgency to address these issues
intensifies, the field of chemistry should improve its processes towards more
sustainable and greener routes to produce chemicals while reducing or
limiting the use or generation of hazardous substances (i.e. in line with the
green chemistry principles).*

In this context, catalysts play a crucial role in modern chemistry by
accelerating chemical reactions while themselves remaining unchanged.
Heterogeneous catalysts, in particular, offer remarkable advantages due to
their solid-state nature. Unlike homogeneous catalysts, which are typically
dissolved in the reaction medium, heterogeneous catalysts can be easily
separated, reused, and do not contaminate the final products. This property
enhances the sustainability of the chemical processes and contributes to
reducing waste generation. The use of heterogeneous catalysts also
eliminates the need for harsh reaction conditions, leading to reduced energy
consumption and minimal waste generation. Their cost-effectiveness and
wide applicability across diverse chemical processes make them
indispensable in the pursuit of greener chemistry.

The growing imperative to transition away from petro-based chemistry has
led the scientific community to explore alternatives such as renewable bio-
based feedstocks. Biomass, derived from organic sources such as agricultural
residues, wood, and algae, emerges as a promising alternative to fossil fuels.
Biomass is sustainable, abundantly available, and its utilization reduces
carbon dioxide emissions, making it an environmentally friendly choice. While
biomass represents a promising alternative as a renewable feedstock, its
unigue composition presents distinct challenges in catalysis. Biomass usually
contains highly oxygenated compounds, such as sugars, lignin, and cellulose,
which have complex structures and reactivity patterns. Conventional
catalysts, which are often tailored for petro-based chemistry, may not be
effective in converting biomass feedstocks into the high-added value desired
products. Therefore, there is a critical need to develop new types of catalysts
that can effectively tackle the intricacies of biomass valorization. These
catalysts must be designed to cope with the high oxygen content, diverse
functional groups, and complex molecular structures inherent to biomass,
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ensuring efficient and selective conversion into valuable chemicals and fuels.
To transform these biomass molecules into desired products, a series of
chemical transformations must often be carried out. These multi-steps
reactions, known as cascade reactions, require the presence of multiple active
sites to facilitate each step of the conversion process. The development of
efficient and selective catalytic processes for the cascade transformation of
bio-based glycerol to alkyl lactate is a rapidly evolving field that has the
potential to make a significant impact on the chemical industry as a whole.

As chemistry progresses towards green and sustainable practices, it
becomes increasingly essential to minimize waste during chemical processes.
Conducting multi-step reactions in a single reactor reduces the amount of
energy and resources required, leading to more sustainable and economically
viable processes. In light of this, the concept of developing bifunctional
catalysts has gained significant attention in the scientific community.
Multifunctional catalysts possess more than two active sites that can
simultaneously catalyze different reactions involved in cascade processes.
This unique characteristic offers the potential to enhance reaction efficiency
and selectivity, thus paving the way for more sustainable and effective
biomass valorization. The development of such catalysts is highly desirable,
but is also associated with considerable challenges (i.e. to keep the intrinsic
properties of each active sites, avoid hindering of one active specie by the
second one). Innovative catalyst preparation methods need to be
implemented to tackle these challenges.

Recently, aerosol processes have gained significant interest as a method
for synthesizing heterogeneous catalysts. The technique allows for precise
control over particle size, morphology, and composition, leading to enhanced
catalytic performance. Moreover, the aerosol process offers advantages such
as high purity, uniform distribution of active sites, and scalability, making it a
promising avenue for catalyst development in various industrial applications.
As research continues to advance, the aerosol process holds great promise
for revolutionizing catalysis and contributing to sustainable chemical
processes. Following these developments, the current thesis proposes a new
strategy to target the synthesis of bifunctional catalysts with tailored properties
able to reach high selectivity in the production of alkyl lactates from bio-based
glycerol, with good stability and recyclability, leveraging on the aerosol
process.



STATE OF THE ART
1.Glycerol upgrading

1.1. Challenge and opportunities for the chemical industry

Glycerol (1,2,3-propane triol), is one of the most important bio-based
platform chemical owing to its appealing properties: renewable, non-toxic,
biodegradable, edible, highly functionalized and therefore reactive. It is
emerging as one of the most important feedstocks of the modern industry due
to its high availability, low cost and its potential to be transformed into
numerous valuable chemicals.

+ NaOH

‘ Saponification Chlorination N
o
i Propylene
CH,-0-C-R, v
o OH
n
CH-0-C-R, +H,0 HO\/I\/OH
‘ ) Hydrolysis
0 Glycerol CH,OH
CH,-0-C—-R, o
. . OH
Triglyceride
\ +MeOH OH OHOH
Transesterification Fermentation Glucose
Obtained as a by-product Obtained as the product of interest

Figure 1.1. Different chemical pathways to produce glycerol

Glycerol can be produced by several different chemical routes using
different starting materials: (i) via the chlorination of (petro-based) propylene
(to first form allyl chloride, then glycerine dichlorohydrine which is
subsequently hydrolyzed by caustic soda to form synthetic glycerin), (ii) as a
by-product from vegetable oil or animal fat saponification, (iii) as a by-product
of biodiesel production, (iv) from the hydrolysis of oils and (v) from the
fermentation of sugars such as glucose and sucrose (Figure 1.1).2 Glycerol
obtained from natural fats and oils is called natural glycerol.® Currently,
glycerol is derived from various sources, with ~10% being obtained through
hydrolysis, ~12% through the saponification of natural oils, and 50-80%
through the production of biodiesel by oil transesterifcation, while the
fermentation route to produce glycerol is not used industrially*> Biodiesel
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process is currently the main mechanism responsible for the global production
of glycerol.

1.1.1. Glycerol synthesis from the biodiesel production

Biodiesel is a renewable biofuel produced from biomass, and more
precisely from vegetable edible oils (such as rapeseed, palm and soy oils),
animal fat, used cooking oils (UCO), and algae oils. However, the economic
viability of producing biodiesel from edible oils is currently challenged by the
competition with the food supply, resulting in an increase of the biodiesel
prices. Consequently, there has been recent development on the production
of biodiesel from non-edible plant oils (jatropha, karanja, castor, and others).67

Biodiesel shows similar properties to traditional fuels, but interestingly it
degrades more rapidly and, when combusted, it emits lower amounts of
contaminants (CO, toxic nanoparticles, aldehydes, SO2) into the
atmosphere.8? It is also nontoxic, renewable, and biodegradable which makes
it more environmentally friendly and sustainable than fossil fuels. Currently,
biodiesel is rarely used in its pure form — as most of combustion engines are
not 100% compatible. It is therefore used as an add-in fuel, with a ratio of 5-
20% of biodiesel blended with diesel.

Biodiesel is produced through a transesterification process, which involves
the reaction of vegetable oils or animal fats with a primary alcohol (such as
methanol or ethanol) in the presence of a catalyst (Figure 1.2). The
transesterification reaction actually converts the triglycerides present in
vegetable oils or animal fats into fatty acid alkyl esters (i.e., biodiesel) and
glycerol, the main by-product of this process (~ 10 wt.% of the process). While
heterogeneous catalysts can perform the reaction,© industrially, the reaction
is typically carried out in the presence of a strongly basic homogeneous
catalyst, such as sodium or potassium hydroxide. The reaction is carried out
at moderate temperature (333-338 K).1! After the reaction is complete, the
mixture is separated into two phases, with the biodiesel layer on top and the
glycerol layer at the bottom. The phase containing glycerol is usually further
processed to extract pure glycerol, while the biodiesel layer undergoes
additional purification steps such as washing, drying, and filtration to remove
the impurities and the homogeneous catalysts before it can be used as fuel.



CH,-0-C-R, CH;—-0-C-R;
o o CH,-OH
1 Catalyst 1 ‘
CH —0-C-R, + 3CHOH ——mm CH;—-0-C-R, + CH —OH
‘ Q 0 CH, - OH
CH,-0-C-R, CH;—0-C-R,
Triglyceride Methanol Mixture of fatty esters Glycerol

Figure 1.2. Transesterification reaction for biodiesel production.

As already stated, a large amount of glycerol is generated by the biodiesel
industry as it accounts for 10 wt% of biodiesel production. The glycerol
obtained — called crude glycerol — exhibits a 60-80% of purity. Impurities
include the excess of alcohol, water, soap, inorganic salts and fatty acids.*
The composition and purity of crude glycerol can vary depending on the nature
of the catalyst, the transesterification efficiency and the source of the oil used
in the biodiesel production. It is important to note that the impurities found in
crude glycerol may also have economic value. Methanol or ethanol, for
instance, can be recovered through distillation and reused in the biodiesel
production process, leading to a decrease in the overall production costs.
While the separation of the impurities may be considered (by vacuum
distillation in inert atmosphere), it is typically only feasible for large-scale
biodiesel producers with sufficient capital for the necessary investments.!2
The purification of crude glycerol to recover the pure glycerol is indeed a costly
process and generates a lot of waste, making it less appealing.t?

The use of biodiesel has emerged as an important transition strategy to
minimize the fossil fuel dependence. The transport sector accounts for 20%
of the global energy demand and for 25% of the carbon dioxide emissions.*
Indeed, the environmental impact of using fossil fuels encouraged the
scientific community to find new bio-based energy sources such as biodiesel.
Government policies were implemented in this direction; the European
Union's targeted a 20% of renewable energy consumption by 2020, including
a 10% of liquid biofuels for transportation. As a result, the biodiesel market
has grown significantly in recent years, and is expected to continue to grow.
Biodiesel production is projected to increase from 36 Mm3 in 2017 to 39 Mm3
by 2027,15 with Europe leading biodiesel production and consumption.14.16.17



Along with the increasing production of biodiesel, glycerol has been over
supplied on the market, decreasing its cost in the meantime.?18

The surplus of glycerol raises question on the sustainable use of biodiesel.
The use and conversion of crude glycerol into high-value products has
therefore become a priority in the biodiesel industry to enhance its economic
and environmental competitiveness.1%20 An efficient and economical
utilization of the glycerol produced would greatly improve the economics and
the sustainability of the biodiesel production.

1.1.2. Glycerol uses and transformation

Glycerol is a versatile molecule that can be used in a wide range of
applications with its main utilization in 2020 depicted in Figure 1.3. Currently,
the most important use of glycerol is in the pharmaceutical industries where it
is used as an emollient, humectant, solvent an lubricants for the production of
toothpaste, mouthwashes and soaps, but also in creams and ointments to
prevent their drying.?! In the food industry, glycerol can be used as a
sweetener, thickening agent and emulsifier and preservative as it's a nontoxic
compound. It is also used as a raw material for the production of surface
coatings, inks, resins, cellulose films and adhesives, or to prevent the
disintegration due to dryness in the tobacco industry. Furthermore, glycerol
has received a great attention as a ‘green solvent’ in synthetic organic
chemistry because of its physical and chemical properties.?2

Food products
® Oral care
Cosmetics
Tobacco
Plastics
® Drugs
= Miscellaneous
= Alkyd resins

m Cellophane

m Explosives

Figure 1.3. Main use of glycerol in 2020. From Liu et al., RSC Adv., (2022)23



The wide range of industrial applications for glycerol and its high availability
from the biodiesel production has boosted the glycerol market. However, the
current traditional uses do not absorb its growing production. Therefore, new
routes for enhancing its use, such as its chemical transformation into high-
added value product is an appealing alternative. Following this idea, the
derivatization of low-cost glycerol into added-value compounds has become
a hot topic in the research community and highly attractive from an industrial
point of view.22425 Indeed, with a current price of glycerol on the US market
approximated at 0.73€ per kg,28 it is an interesting and cost-effective starting
material for further conversion into valuable chemicals. Moreover, the idea to
use bio-based chemicals to replace fossil-based chemicals is also of great
importance in the current context.

The high degree of oxygen content of glycerol makes it a building-block
chemical that can be catalytically converted through various reactions
including oxidation, polymerization, dehydration, carboxylation, esterification,
reduction, etherification (Figure 1.4).27-33 Numerous products can be obtained
including polymers, ethers and fine chemicals valuable for the cosmetic,
pharmaceutical, chemical and food industries. More specifically, a lot of
glycerol derivatives are building blocks (monomers) to further form polymers.34
Resulting from the hydrogenolysis of glycerol, 1,3-propanediol is for example
used as an important monomer in the production of biodegradable polyesters
(such as polypropylene terephthalate — PPT) valuable in the textile industry
and carpet manufacturing.®® The production of acrolein via the catalytic
dehydration of glycerol is also of great interest as it is a crucial intermediate in
the industrial production of acrylic acid and methionine.3¢ Similarly, glycerol
carbonate and polyglycerols — obtained respectively by the carboxylation and
the etherification of glycerol — are gaining more interest in the recent years for
their wide range of uses as biofuel or food additives and as raw materials for
the production of plasticizers.3738
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Figure 1.4. Scheme of the different transformations possible for upgrading
glycerol to valuable compounds, with a focus on oxidation routes.

The glycerol oxidation is one of the most interesting reaction pathways to
produce valuable chemicals such as dihydroxyacetone, glyceric acid,
glyceraldehyde, etc. Owing to the presence of two different types of hydroxyl
groups — primary and secondary — in the glycerol molecule, its partial oxidation
primarily produces either glyceraldehyde (GLA) or dihydroxyacetone (DHA)
(Figure 1.5). The latter is mostly used as an active ingredient in self-tanning
lotions in which it produces a brown pigment when reacting with keratin on the
skin surface.® It is also used in the alcohol, wine, and beverages industries.®
Dihydroxyacetone is an added-value chemical and the global
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dihydroxyacetone market reached the value of 173.95 million USD in 2021.4°
Currently, DHA is produced via the microbial fermentation of glycerol by
gluconobacter oxydans, which has low productivity because of the low
substrate concentration and the long fermentation time.*! The use of a solid
catalyst for the heterogeneous process of selectively oxidizing glycerol to DHA
is a highly appealing approach for both academic exploration and practical
utilization in industry.

The numerous products resulting from glycerol oxidation highlight the
complexity of performing the selective oxidation to a desired product. The
main challenge lies in controlling the catalytic selectivity towards the primary
or secondary hydroxyl groups of glycerol and in avoiding the consecutive
oxidation reactions which can ultimately lead to low value product such as
oxalic acid or even carbon dioxide.*>4® Figure 1.5 displays the different
products that can form through the oxidation of glycerol. Experimental results
showed that the reaction conditions and the nature of the catalyst are key
parameters to ensure a good control on the selectivity.4

11



Sccondary@y GLY \wnary -OH
DHA Ho/\ﬂ/\OH —OH . HO/Y\OG A
o]

C3 products
5
>
K
(o]
O:i_
O
%ﬁ )
4
(@)
-
0]
Q
2

C2 products

S

>
O

N\

O
I
2

GCO

C1
+

Figure 1.5. Glycerol oxidation different pathways. Nomenclature: GLY =
glycerol; DHA = dihydroxyacetone; GLA = glyceraldehyde; GCA = glyceric
acid; HPA = hydroxypyruvic acid; TTA = tartronic acid; MOXA = mesoxalic
acid; GOXA = glycoxylic acid; OXA = oxalic acid; GCO = glycolic acid. Figure
adapted from Walgode et al. (2020)*4

1.2. Glycerol oxidation to DHA

It was previously stated that the control on the level of oxidation of glycerol
is a major challenge, especially due to the possibility to oxidize the primary
and secondary hydroxyl groups of glycerol and the possible (usually
unwanted) consecutive oxidation reactions. The following section aims at
understanding the reaction mechanism, the key parameters to form and
enhance the selectivity to dihydroxyacetone and to discuss the catalytic
systems developed in the literature that achieved the best results so far. The
readers looking for a more detailed and extensive study on the different
catalysts developed over the years can turn to the comprehensive review on



aerobic glycerol oxidation processes using heterogeneous catalysts for the
production of DHA, published by Walgode et al.14

The first catalytic studies on glycerol oxidation were carried out in agueous
basic medium. It is reported that the addition of NaOH (essentially OH") plays
a crucial role and promotes the oxidation by abstracting one proton from one
of the three hydroxyl groups, thereby activating glycerol.**-*8 Supported Au
nanoparticles (NPs) or immobilized Au colloids have frequently been
employed as active catalysts in the glycerol oxidation reaction.*8-5! However,
significant glycerol conversions could only be achieved in a basic medium.52:53
In the presence of a base, the oxidation of the terminal (primary) hydroxyl
group in glycerol is favored, driving the reaction toward very high selectivity to
glyceric acid (GLA) rather than dihydroxyacetone (DHA). Another drawback
of using basic medium is the formation of organic salts during the reaction. To
obtain the desired product, additional separation and processes involving
neutralization and acidification are necessary. These additional steps are not
environmentally friendly — due to the production of large amounts of salt waste
—and expensive. Also, intermediate compounds may strongly adsorb onto the
catalyst, thereby hindering the active sites for further uses. Moreover, the
addition of a base enhances C-C bond cleavage, leading to an increase of C2
and C1 products, and therefore a decreased DHA yield.>* From the industrial
point of view, it is preferable to directly produce the free products in
neutral/acidic reaction conditions.

Therefore, numerous studies have been focusing on the possibility to
perform the glycerol oxidation under base-free conditions, in which the
formation of DHA is preferred. The base-free catalytic oxidation of glycerol is
usually performed using noble metals such as Au, Pt and Pd or bimetallic
catalysts based on these noble metals. Due to their great resistance to
oxidation, even when exposed to high temperatures, they are highly suitable
for the oxidation of alcohols. The reaction is usually carried out with low-cost,
non-toxic oxidizing agent such as molecular oxygen or hydrogen peroxide.
Due to the versatility of compounds resulting from the glycerol oxidation, the
reaction is described as “structure sensitive”, meaning that the characteristics
of the catalyst such as the surface nature, the metal nanoparticles size or the
support used affect the catalytic performance and more importantly the
selectivity toward DHA. To obtain DHA rather than glyceraldehyde, the
oxidation of the secondary (central) hydroxyl group must be favored, and
further oxidation should be avoided. Consequently, a fundamental challenge
is to rationally design advanced heterogeneous catalysts that can offer high
selectivity toward DHA at high glycerol conversion.
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Meng et al. focused on understanding the mechanism of glycerol oxidation
at a molecular level by performing density functional theory (DFT)
calculations.® Figure 1.6 (left) shows the two possible pathways to perform
glycerol oxidation on gold nanoparticles. The reaction is initiated by the
adsorption of molecular Oz at the Au nanoparticle surface, where the O-O
bond is stretched. The adsorbed Oz can abstract an H atom from the central
or terminal C-H bond to form an adsorbed OOH group, which subsequently
abstracts an H atom from central or terminal O-H bond to form H20. and
corresponding oxygenates. Notably, the C-H bond cleavage possesses the
highest activation energy, serving as the rate determining step. The activation
energy for C-H bond cleavage to from DHA (red line; 112.3 kJ mol?) is much
lower than that to form glyceraldehyde (black line; 169.2 kJ mol-1), indicating
that, in base-free conditions, the oxidation of central hydroxyl group is
thermodynamically favorable. It is also demonstrated by DFT that the
stretched O-O bond plays a significant role in the C-H bon cleavage, so in the
absence of oxygen, it is much more difficult to activate the C-H bond.
Therefore, the activity of Au nanoparticles could be enhanced if the oxygen
activation is improved. The presence of water can also benefit the oxygen
activation on Au suface.5?

The oxygen activation can be enhanced by the metal oxide support. Meng
et al. employed the stretch of O-O bond and the adsorbed O: charge as
activity descriptors to predict which support are more suitable for Au NPs
(Figure 1.6, right).1® They showed that the stretch of the oxygen bond was
linearly correlated with the charge measured in adsorbed Oz and confirmed
that Oz was actually activated through the electron donation of Au into the Oz
Tr*orbital, resulting in an elongated O-O bond similar to that of the superoxo-
like (O2) adsorbate state. Based on their calculations, Zn and Cu oxides were
the best supports for AUNPs with a high O-O stretch indicating a good oxygen
activation. They also experimentally confirmed those results in the oxidation
of glycerol to DHA. Au/ZnO and Au/CuO exhibited the highest TOF
(respectively 229 and 211 h') as compared to the AuNPs on the other
supports (TOFauTio2 ht = 20, TOFawsio2 = 0 h'1).

Similarly, Yuan et al. showed that the surface acidity/basicity of the
supporting material (MgO-Al203 in their work) is a key to control the selectivity
of Au NP in the base-free conversion of glycerol in water.5> The MgO-Al20s
support with the highest acidity and lowest basicity exhibited the greatest
activity for activating glycerol and producing DHA with the highest selectivity.
Conversely, enhancing the surface basicity or reducing the acidity of the MgO-
Al203 support resulted in an increase in selectivity for glyceric acid but a
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decrease in selectivity for DHA formation. Similarly, Wang et al. used Cu-Zr
mixed oxide to show that the presence of a large number of basic sites would
lead to a decreased glycerol conversion.6
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Figure 1.6. (Left) Energy changes for the oxidation of central hydroxyl group
(red line) or of terminal hydroxyl group (black line) of glycerol on Au (111).
(Right) Oz charge and O-O bond stretch on 2-layer Au supported on different
oxides.8

As mentioned previously, the majority of studies in the literature employ
catalysts based on noble metals such as Pt, Pd, Au, and Ag, which have
shown to be highly effective in selectively oxidizing glycerol through aerobic
processes.'* Kimura et al. were the first to report the glycerol oxidation to DHA
using an active carbon-supported 1%Bi-5%Pt/C catalyst. The highest DHA
yield reached 20% with a 30% conversion of glycerol under acidic conditions
(pH 2-4); 323 K and 0.1 MPa air atmosphere.5”58 They showed that the
addition of bismuth to supported Pt enhanced the selectivity of the secondary
hydroxyl group oxidation to from DHA. Further investigations were performed
on Pt-promoted catalysts. Various carbon supported bimetallic PtM (M = Sn,
Mn, Fe, Cu, Ni, Zn) were synthesized and tested in glycerol oxidation.>® These
catalysts demonstrated higher activity compared to monometallic catalyst,
resulting in a better production of DHA, although with a relatively low
selectivity ranging from 10% to 15%. Such beneficial effects were not
observed for Pd-based catalysts promoted with non-noble metals. Actually,
the addition of Bi as a promoter to Pd did not enhance the selectivity to DHA
or GCA; on the contrary, it led to a reduction in catalytic activity.®® Pd-based
catalyst are generally poorly active in base-free conditions,®! but once
combined with Auf2-64 or Ag®®, the catalytic performance can be improved.
With PdAg/AC, the DHA selectivity reached 82% with a 10% glycerol
conversion.%8 After optimization of the reaction conditions, DHA yield reached
44% at 52% glycerol conversion over PdAg/C.55 This is the best DHA vyield
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achieved by both Pd and Ag-based catalyst. The alloy phase is believed to be
responsible for the enhanced activity and selectivity toward DHA.

The main drawback observed with Pt- and Pd-based catalyst is that they
are prone to deactivation by oxidation or by-product poisoning during the liquid
phase glycerol oxidation.®”:68 Therefore DHA selectivity with these catalysts
was generally limited as the oxidation of the primary alcohol group could not
be fully avoided.®®’® Gold was therefore considered as a more attractive
catalyst thanks to its high resistance toward oxygen poisoning, allowing to
work under higher oxygen pressure. Prati et al. obtained good results using
supported Au catalysts for the oxidation of various alcohols.” Liu et al. were
the first to report the synthesis of DHA under base-free conditions with an
Au(2%)/CuO catalyst and reached a 80% DHA vyield at 98% glycerol
conversion.*” In their work, the impact of different supports (Al20s, TiO2, ZrO2,
NiO, and CuO) on monometallic Au catalysts was investigated under mild
conditions (in water, 50°C, GLY/Au of 50, Poz = 20 bar), and, among the
supports studied, CuO was found to be the most effective. Au(2%)/CuO
catalyst demonstrated the highest level of activity and DHA was the primary
product of glycerol oxidation. To the best of our knowledge, this is the highest
reported yield of DHA for glycerol catalytic aerobic oxidation in a batch
process.

The choice of reaction conditions and catalysts can have a significant
impact on the selectivity and yield of the desired product. The effect of these
conditions should be carefully considered to achieve the desired product
selectivity and yield. As mentioned earlier, the pH has a major impact on the
selectivity of glycerol oxidation. Although the conversion of glycerol is
enhanced under basic conditions, the production of DHA is not favored.
Moreover, catalyst deactivation by metal leaching was reported under basic
conditions.5860.68 Therefore base-free conditions should be employed to
ensure high DHA selectivity. For most of the catalysts discussed above,
increasing the temperature led to higher glycerol conversion while the DHA
selectivity was usually not changed.*” The oxidation of glycerol into DHA is
exothermic, with a standard enthalpy of reaction at 25°C = -139 kJ mol*.7?
The influence of temperature on the reaction mechanism, however, is unclear.
Thus, optimization of temperature for specific catalysts is necessary. The
catalyst performance during glycerol oxidation should also be affected by the
oxygen pressure. When the oxygen pressure is increased, the concentration
of oxygen in the liquid phase also increases, potentially leading to a higher
overoxidation reaction rate. However, it was found that with Au(2%)/CuO,
increasing the oxygen pressure from 5 to 30 bar actually decreased the DHA
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selectivity and led to the formation of CO2.#” In the case of catalysts based on
Pt and Pd, the catalytic performances were even poorer due to catalyst
overoxidation.”® Table 1.1. summarizes the different key points presented
above.

Aside from reaction conditions, the properties of the catalyst itself — such
as the metal particle size, the preparation method, the dispersion, the nature
of the support — can greatly influence the catalyst activity, stability, and product
selectivity in glycerol oxidation. These parameters are critical for achieving
high catalyst activity and selectivity towards the desired product. The influence
of these parameters will be discussed in the following section 1.3 of this
introduction, focused on the preparation of heterogeneous catalysts.

It is interesting to note that selective synthesis of DHA from glycerol has
also been achieved through electro- and photo-oxidation methods.”4-76
Glycerol electro-oxidation provides the ability to adjust the oxidizing conditions
through the modification of the electrode potential, therefore allowing a better
control of the reaction rate and the product selectivity. However, it has been
reported that maintaining high DHA selectivity becomes challenging as
glycerol conversion increases. Nevertheless, this was recently overcome by
utilizing a Bi- and Sb- promoted Pt/C electrode, although long reaction times
of approximately 10 hours were required.””78

Glycerol oxidation has been extensively studied in water (all the studies
presented in this section were performed in aqueous medium),1448.52,55.56,79-82
and there are very few reports of this oxidation process taking place in
methanol. The group of Taarning performed the reaction in methanol over
supported gold catalysts and sodium methoxide. The formation of dimethyl
mesoxalate was reported with a 89% selectivity at full conversion (T°=373 K,
5 bar of O2).83 DHA and glyceraldehyde were not detected during the test. It
is assumed that it was directly converted to the next products of oxidation. To
the best of our knowledge, no successful upgrading of glycerol into DHA has
been reported using alcohols as the solvent. Reaction in a solvent (in
particular methanol) is however very relevant to the present thesis work in the
perspective of the cascade upgrading of glycerol to lactates (see below,
section 3 of the introduction).
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Table I.1. Summary of the catalysts developed for the base-free oxidation of glycerol to DHA in water.

Catalyst

Comments

Ref

Supported Au

Au/MgO-Al:03

1%Bi-5%Pt/C

PdAg/AC

2%Au/CuO

DFT calculations to better understand the impact of the support on Au nanoparticles activity in the
glycerol oxidation. It showed that glycerol’s central -OH oxidation via with Au catalysts under base
free conditions was thermodynamically favorable. While CuO and ZnO are the best supports, on
SiO2 the catalytic activity is highly reduced.

Study of the influence the acidity/basicity of the support on the catalytic activity of Au nanopatrticles.
Increasing the acidity increases the selectivity toward DHA while increasing the basicity leads to
larger amount of glyceric acid.

Investigation on the effect of the addition of a promoter such as Bi on Pt metal nanoparticles. The
presence of Bi increases the selectivity toward the oxidation of the second hydroxyl group to form
DHA. The catalytic performance of the BiPt nanoparticles are better than the ones of the
monometallic.

Pd nanoparticles are less active in the glycerol oxidation, but once alloyed with Au or Ag the catalytic
performances are improved. The formation of alloy favors the oxidation of the second hydroxyl group
to form DHA.

Highest DHA vyield reported in a base-free medium reported in the literature (XGLY = 98%, Ypna =
80%). Several supports tested (Al20s, TiO2, ZrO2, NiO, CuQ). Optimized the reaction conditions (T,
P(O2), reaction time, GLY/Au, presence/absence base) for DHA production. Increasing the pressure
from 5 to 30 bar resulted in a decrease of the production of DHA in favor of the formation of COo..
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1.3. Supported metal nanoparticles synthesis for glycerol
oxidation

Metal nanoparticles (NPs) are of great interest due to their unique
properties that differ from their bulk counterparts.848 When materials are
reduced to the nanoscale, their properties generally undergo changes due to
the size-induced metal-insulator transition, also called the quantum size effect.
As the material size decreases in the nanometer range, the proportion of
atoms on its surface also becomes more significant, in other words, the
surface-to-volume ratio increases. Metal nanoparticles with a small size
distribution have attracted significant attention in both scientific research and
industrial applications due to their unique properties, rising from their large
surface-to-volume ratios.86 This, in turn, impacts the material's surface-related
properties. However, due to their high surface area, dispersions of small NPs
are thermodynamically and intrinsically unstable and therefore, if not
stabilized, they tend to sinter and aggregates quite easily. Therefore, there is
a need to stabilize the metal nanoparticles during their synthesis and
immobilization.

In catalysis applications, metal nanoparticles have a significant impact,
particularly those with a high surface area and abundant active sites that
promote faster reactions and enhance product yield. They can be used as
colloidal metal nanoparticles, with the presence of capping ligands to stabilize
the particles,®” or they can be supported on various metal oxides.8
Considering the ease to recover NPs when they are immobilized on a support
— as compared to colloids — the vast majority of metal nanoparticles-based
catalysts are in fact supported catalysts. This section will focus on the
properties of supported metal nanoparticles in general, and on their
preparation methods. This overview will be essential to understand the original
approach that we propose in the framework of this PhD research to design
metal-based catalysts for the oxidation of glycerol.

1.3.1. Metal NPs characteristics

Supported metal nanoparticles are generally classified into two main
categories: noble-metal-supported nanopatrticles (such as Au, Pt, Ag, Pd, Ru,
Rh, etc.) and non-noble-metal-based nanoparticles (including Fe, Cu, Ni, Co,
etc.). A series of parameters govern the level of catalytic performance: the
shape and the size of particles, the nature of the metal and the support, the
interactions between the support and the metal NP and the preparation
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method. Those different parameters will be discussed in more details in the
following paragraphs.

The shape of NPs has an important effect on catalytic activity as the shape
determines the surface atomic arrangement and coordination. The catalytic
activity of metal nanopatrticles is enhanced when they possess a high-density
of atoms in step edges, and kinks (Figure 1.7). These sites are commonly
recognized as being crucial to perform catalytic processes.8® Depending on
the shape of the nanoparticles, the number of atoms in these positions vary.
The size of the nanoparticles is also very important parameters to control as
it affects the surface properties which dictates the catalytic behavior.
Nanoparticles possessing larger surface areas can increase the number of
active sites, thereby reducing the activation energy required for catalytic
reactions.®® Haruta and coworkers were the first to observe the relationship
between the turnover frequency (TOF) of CO oxidation and the size of gold
nanoparticles.®! They showed that when the size of Au NP increased from 2.5
to 6 nm, the apparent activation energies changed from 1.7 to 5 kcal.mol?.
The highest TOF was obtained when gold nanoparticle had an average size
of 3 nm. Since then, it is known that obtaining small metal nanopatrticles is of
paramount importance to develop high catalytic performance.

Terrace Step edge
Ad-atom |7

| .

Kinks

Figure 1.7. Model of metal surface indicating the different features: terrace,
step, kink and ad-atom (inspired from Farias et al.%?).
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1.3.2. Metal NPs deactivation

The main reason leading to catalyst deactivation is the particle growth, also
called sintering. It can be understood in terms of two mechanisms: the
Ostwald ripening or the particle diffusion and coalescence (Figure 1.8).%3
Ripening refers to the process of larger particles growing at the expense of
smaller particles due to differences in surface free energy, which involves
interparticle transport of mobile species. On the other hand, particle migration
involves the Brownian motion of nanoparticles, which can lead to coalescence
when particles come into close proximity.®* It is commonly accepted that
sintering proceeds in 3 steps: (i) Ostwald ripening is favored and is
responsible for the rapid loss of activity due to the disappearance of the
smallest nanopatrticles, (ii) once the smallest particles have disappeared and
a combination of Ostwald ripening and coalescence occurs and (iii) the
particles have now grown large and their mobility is highly reduced.% Small
particles tend to have a higher mobility than large particles and sintering slows
down as particles grow in size. These phenomena are influenced by the
environment of the NPs and are triggered by elevated temperature. The
Tammann temperature (0.5 Tmeting® [K]) is defined as the temperature where
surface atoms become mobile and this mobility at the surface constitutes the
mechanism for particle mobility.®495 At this temperature, sintering can occur.
It was also reported that when gold nanoparticles had a size under 10 nm,
their melting temperature decreases, implying that the Tammann temperature
is also lower, explaining why very small nanoparticles tend to have a higher
mobility. For instance, gold Tammann temperature is estimated at 395°C, but
under a diameter of 2 nm, reached only about 150°C.%6

‘ Ostwald ripening ‘
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Figure 1.8. Scheme of the different mechanisms of particle growth
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1.3.3. Influence of the support

The dispersity, the size and the shape of the active metals are greatly
influenced by the nature of the support and the preparation method used to
deposit/form these nanoparticles at the surface. Indeed, the properties of the
support can significantly affect the activity and the chemical properties of the
supported metal particles.

Metal oxides are often used as supports of finely dispersed active metal
nanoparticles in catalysis. The metal oxides present specific properties such
as acidity (Lewis or/and Brgnsted types), basicity, redox features (when
transition metal ions are present), which lead to specific catalytic properties.
They can be divided into two main classes depending on their chemical
properties: (i) nonreducible oxides (e.g. SiO2, Al203) and reducible oxides (e.g.
(TiO2, CuO, Fe203).°” Nonreducible oxides are materials that exhibit
resistance to losing oxygen, due to the intrinsic resistance of the metal cations
to oxidation state changes. These oxides possess a large band gap, typically
greater than 4-5 eV, separating the conduction band from the valence band.
Whenever oxygen is removed from the material, the remaining excess
electrons become trapped in specific sites, such as oxygen vacancies,
resulting in the creation of new defect states in the band gap. This process is
energetically very costly, and therefore these as-prepared materials are highly
stoichiometric, stable, and chemically inert. In contrast, reducible oxides have
the capacity to exchange oxygen relatively easily. Consequently, they tend to
have semiconductor character, with band gaps below 4 eV. When oxygen is
removed from reducible oxides, the excess electrons are redistributed to the
cation empty levels, causing their oxidation state to change.

Numerous reports have focused on the catalytic properties of metal oxide
to use them as support for NPs, including oxides of Si, Al, Ti, Zr, Cu, Ca, Mg
and Zn. When used as supports, nonreducible metal oxide usually have a
negative impact on the dispersion and size of the metal nanoparticles (i.e.
producing rather large particles), while reducible supports have a positive
impact and tend to improve NP dispersion.®8 It is noteworthy that the support
can also actively affect the catalytic behavior of the metal nanoparticles.
Depending on the support and the nature of the metal precursors, the affinity
between the surface and the metal and their interactions can vary, leading to
different range of size of nanoparticles.
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Among them, Si oxides are versatile, inert and cheap supports showing a
high chemical and thermal stability and a tunable texture. These properties
makes it an attractive material, especially to study more in detail the catalytic
activity of the metal NPs without the influence of the support.®®-101 Moreover,
silica is a very versatile material that serves as the starting point for the
preparation of various heterogeneous catalysts that are not based on metal
nanoparticles (e.g. metallosilicates, vide infra). The silica surface can also be
easily functionalized and modified to change its properties. These materials
are synthesized easily by sol-gel chemistry, template-assisted and microwave
assisted techniques.1%2 However, silica tends to negatively influence the
dispersion of metal NPs and to increase sintering. On the silica surface, metal
nanoparticles usually have a high mobility and the nanoparticles tend to sinter
and form large particles, rather poorly active in catalysis. Therefore, the
deposition of metal NPs on silica materials is usually challenging and great
efforts are made in the research community to find solutions to obtain small
metal NPs highly dispersed on silica.?9193 Gold has for instance a very poor
affinity with silica’s surface and conventional methods of synthesis — such as
impregnation or deposition-precipitation methods — therefore often lead to
large gold particles with size above 20 nm.104

Thus, sintering is significantly influenced by the interaction between the
metal and the support, which is determined by the relative strengths of the
metal-metal and metal-support bond energies.1% There are some strategies
proposed in the literature to improve the affinity between a support and the
metal NPs. The functionalization of the surface support with different groups
(e.g. thiol, amine) has been widely used over the last decades. This way, the
point of zero charge (PZC) of silica — which is relatively low (~2) — is modified
and the affinity between the support surface and the metal precursors is
increased. Similarly, the compounds used to functionalize the surface can also
be used to anchor the NPs at the surface of the support so that their sintering
is prevented. Working with porous materials with a periodic pore structure of
similar diameters (e.g. SBA-15) also can be useful to mitigate the sintering as
the nanoparticles can be confined in the pores. Sintering and particle
aggregation is then inhibited by the pore size.1%6.197 Fore example, Pan et al.
reported that confining metals particles inside carbon nanotubes could
effectively prevent metal sintering.1°6 Gabaldon et al. showed that silica which
displays tortuous 1-D pores with limited connectivity hampered the sintering
via the Ostwald ripening.1%8 The gold nanoparticles incorporated on this
support exhibited small and narrow size distribution, leading to good catalytic
performance in the oxidation of CO. Another strategy found in the literature to
limit the sintering is to add a second component (as in a bimetallic) or another
porous oxide phase applied as an overcoat on the primary support.109110 For

23



instance, the addition of a small amount of titania on silica or silica on titania
led to an improved stability of supported gold nanoparticles.108111

1.3.4. Metal NPs synthesis on mesoporous silica

Within the field of nanomaterials in general and catalysis in particular, the
green chemistry principles are of great importance. Ideally, metal
nanoparticles should be synthesized using less toxic precursors, in
environmentally benign solvents like water or ethanol, with minimal use of
reagents, at or close to room temperature, and the synthesis through a single
synthetic step (one-pot reaction) should be favored, while minimizing the
generation of by-products and waste. Additionally, the nanoparticles should
be well dispersed on the support surface and highly active in their catalytic
applications.

There are a wide variety of methods for preparing catalytically active
supported nanopatrticles. Typically, two main approaches are used for the
production of NPs: the top-down approach, which involves breaking a solid
into smaller particles, and the bottom-up approach, which produces NPs from
molecular precursors, salts, or complexes, through chemical vapor deposition,
sol-gel process, chemical reduction, or co-precipitation methods.112113 The
bottom-up approach has become more popular due to its ability to provide
better control of particle size compared to the top-down approach. Among
them, the different preparation methods can be divided into physical and
chemical routes.

Chemical routes are widely used for their ease of implementation with
different metals and different support. These techniques are depicted in Figure
1.9 and will be explained in the following part. The deposition-precipitation
which involves the precipitation of a metal precursor — by the addition of a
precipitating agent (such as urea) — onto the surface of a suspended material,
allows obtaining relatively small nanoparticle sizes with a good distribution of
the metal at the surface of the support.114-11° Impregnation methods (dry and
wet impregnations) have long been the mainstay to incorporate metal on silica
surface. It is based on the wetting of the support by a controlled volume of
solution (= pore volume of the catalyst support in the case of dry impregnation,
in excess in the case of wet impregnation) containing the metal precursors
and on the subsequent drying, leading to the deposition of the metal at the
support surface. A subsequent reduction step is then performed to obtain the
metal particles.1?0-122 These methods are easy but suffer from a poor control
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on the nanoparticles size and dispersion, especially with silica-based support.
In the case of silica-based supports, the difficulty is indeed related to the
specific conditions of the deposition of the metal precursor. At pH higher than
2, the surface of silica is negatively charged, making it very difficult to interact
with the metal anions (for instance [AuCls]- when HAuUCls is used as a
precursor), resulting in poor dispersion of the salt and in the formation of large
metal particles. In order to obtain a better dispersion, the silica surface can be
functionalized to modify the point of zero charge and improve the affinity with
the metal anions.123-125 The surface modification process can either occur
after silica support synthesis (post-synthesis grafting) or during the hydrolysis
and condensation process when the silica walls form (in situ co-
condensation). Post-synthesis grafting is more commonly used as it allows a
better control of the level of grafting at the surface of the synthesized material.
Factors including the nature of the functional group, solution pH, and thermal
treatment conditions affect the size of formed metal nanoparticles.*?6 More
recently, ionic liquids have also been employed as modifying groups to trigger
the nucleation of metal nanopatrticles.127128 Finally, sol immobilization, on the
other hand, relies on the pre-formation of metal nanoparticles with a controlled
size to subsequently immobilize them on a support.??%-131 Through such
colloidal route, the support is submerged in suspension of nanoparticles that
adsorb at its surface. Functionalization can also facilitate the immobilization
and dispersion of the pre-formed nanoparticles. Various structures can be
obtained via these synthesis routes: surface supported metal nanoparticles,
core-shell structure, wall intercalated metal nanoparticles.’26 All these
methods implies multi-steps routes (synthesis of the support or the pre-formed
nanoparticles, functionalization, deposition/immobilization of the NPs, with all
the thermal treatment between the different steps) which are somewhat
unattractive from an industrial point of view.
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1. Synthesis of the silica-based support

= sol-gel chemistry
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Figure 1.9. Schematic of the different chemical routes to immobilize metal
NPs on silica-based materials
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Physical routes to prepare supported metal NPs are also less extensively
studied and developed. They include sonication,'3? microwave irradiation,33
supercritical fluids,'34 laser ablation,'3® and plasma synthesis.'3¢ Although
most of these techniques allow controlling the size and dispersion of the NPs
and are usually environmentally friendly, they often involve costly specialized
equipment that limit their throughput and their widespread use. Therefore,
these methods will not be discussed in this work but there are various reviews
describing them more extensively.137-139

1.3.5. Summary and considerations

A challenge when working with supported metal nanoparticles, especially
when they’re small — which is usually desirable for catalysis — is to improve
their stability and avoid their sintering and aggregation, which would lead to a
loss of active sites and catalytic activity.

There have been major developments on the synthesis methods to use
silica materials as a support for metal NPs. In this matter, there are two
pathways to improve their preparation: (i) via the synthesis of the silica support
itself (i.e. the functionalization of the surface or the control of the porosity) and
(ii) via the synthesis of the NPs on the support (i.e. the synthesis parameters).
Nevertheless, although small gold nanoparticles can be obtained, such
synthesis routes are generally time- and resource-consuming due to their
multistep approach, which makes them less attractive for industrial
applications. In the present dissertation, we will turn our attention to an
innovative alternative synthesis method (vide infra) to combine metal NPs and
silica-based materials in a simple, direct pathway involving a limited humber
of steps while managing to disperse and obtain small metal NPs.
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2. Towards lactates

2.1. Industrial significance of lactates

Lactic acid holds significant interest across various industries due to its
versatile properties and wide range of applications. Lactic acid (LA) is
currently the most commercially used hydroxycarboxylic acids!4® In the food
and beverage industry, lactic acid acts as a natural preservative, flavor
enhancer, and pH regulator. It is widely used in dairy products, baked goods,
beverages, and pickled foods. More importantly, lactic acid serves as a
precursor for the production of biodegradable polymers, such as polylactic
acid (PLA), which finds applications in packaging materials, disposable
cutlery, and textiles. PLA is a promising biodegradable polymer showing
excellent biological compatibility and good recyclability. As it is the most
promising substitute to fossil-based polymers such as polyethylene and
polypropylene, there have been many studies to improve its properties and
synthesis.141.142

Currently, over 90% of the lactic acid is produced by glucose microbial
fermentation. In Belgium, Galactic is now known as one of the world's leading
producers of lactic acid and its derivatives through sugar fermentation
process. Although it offers eco-friendly synthesis conditions (low temperature,
low consumption of energy), biological processes are characterized by low
product yield, lack of stability, long processing time and relatively large amount
of salts produced.’*® A purification step is also required to remove the
impurities and obtain a polymer-grade lactic acid, highly desirable for PLA
synthesis. However, it is still cumbersome to recover lactic acid from the
fermentation broth. The current method used implies several steps. In the
traditional procedure, LA is transformed into calcium lactate via the addition
of calcium carbonate. The heated and filtered fermentation broth is then
concentrated to allow crystallization or precipitation of calcium lactate,
followed by addition of sulfuric acid to remove the calcium in form of calcium
sulphate (gypsum) and recover lactic acid.!** To further obtain highly pure LA
(99% wt.), additional steps are required: (ii) the esterification of impure lactic
acid to form an alkyl lactate (AL, usually methyl lactate ML) which can be
separated more easily by distillation45-147 followed by (ii) the hydrolysis of the
lactate into high-purity lactic acid, which can be further transformed to PLA.
This multistep process is energy-, time- and waste consuming. The separation
and final purification steps accounts for 50% of the production costs.# The
high cost of the processes to synthesize highly pure LA constitute a barrier to
widespread PLA use and therefore, alternative methods are currently being
sought to limit its cost.148
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The direct utilization of lactates for PLA production has sparked significant
interest over the last decade. However, their current synthesis primarily
depends on the LA formation through its esterification which is associated with
numerous disadvantages stated above. Hence, the development of new
approaches for lactate synthesis has become a prominent and exciting
research topic.

2.2. Lactates in biorefineries

Recently, novel approaches have been proposed for synthesizing lactic
acid and alkyl lactates using trioses, such as glyceraldehyde (GLY) and
dihydroxyacetone (DHA), as starting materials. It is actually considered as an
attractive pathway to reduce the tedious process of lactic acid production in
fermentation and waste management.14° The production of alkyl lactates from
trioses has attracted much attention in the field of research as they are
platform molecules widely used in the industry as green solvents and starting
materials for the synthesis of biodegradable polymers.1%° For these reasons
the research for catalysts able to catalyze the efficient conversion of DHA to
AL is a highly active topic.117.151

The transformation of DHA to alkyl lactates is performed by acid catalysts,
involving the combination of Brgnsted and Lewis acid sites. Mechanistic
studies were performed by several groups to understand how the conversion
of DHA to alkyl lactates (and more precisely methyl lactate) proceeds (Figure
1.10).151-154 They showed that the reaction includes two steps: (1) the
successive keto-enol tautomerization and dehydration of the primary hydroxyl
group to form pyruvic aldehyde (PA), catalyzed by weak Brgnsted acid sites;
(2) the rehydration of PA followed by a 1,2-hydride shift and a nucleophilic
addition of the alcohol molecule to the carbonyl carbon atom of the aldehyde.
This step is catalyzed by Lewis acid sites and leads to the formation of methyl
lactate. The presence of strong Brgnsted acid sites should be avoided to
prevent the formation of acetals as major by-products.1%°
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Figure 1.10. Proposed reaction pathway for converting dihydroxyacetone to
methyl lactate

Homogeneous catalysts, such as ZnS04,156 have been investigated, but
their use was limited due to harsh conditions (high temperature and pressure)
and the use of toxic and corrosive catalysts. Hayashi and Sasaki investigated
the use of metal salts as homogeneous catalysts for the conversion of trioses
to alkyl lactates and showed that tin catalysts (SnClz and SnCls-5H20) were
the most active catalysts'>’ as tin exhibits a high Lewis acidity compared to
other transition metals.158 Moreover, tin has the unique ability to activate the
carbonyl group which brings a high selectivity toward alkyl lactates.>® Indeed,
a methyl lactate yield of 82% was achieved using SnCls*5H20 at 90°C,
although large amount of salts were needed. Importantly, however, as
mentioned earlier, homogeneous catalysts are difficult to remove from the
reaction mixture.

Therefore, based on these results, many tin-containing heterogeneous
catalysts were developed to improve the recyclability of the material. A review
published recently extensively summarizes all the heterogeneous catalysts
developed for the synthesis of methyl lactate and lactic acid from sugars and
their derivatives.’®® Among them, tin-containing zeolites (such as Sn-
USY160.161 gn-Beta®, SnFAU62) showed excellent performance (ML yield >
99%).83.153,.163 The active site of Sn-beta is found to have notably stronger
acidity compared to the other examined catalysts, which likely accounts for its
superior catalytic performance at low temperatures during the conversion of
triose sugars to methyl lactate.

Hydrothermal crystallization can be used to synthesize certain types of tin-
containing zeolites.'®* However, this process is challenging and time-
consuming, leading to limited metal loadings and the formation of large zeolite
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particles that can restrict diffusion inside the pores.1%® An alternative method
is post-synthetic zeolite metalation, which involves two steps: dealumination
and/or desilication of the starting zeolite to create vacancies in the crystal
framework, followed by metalation to fill these vacancies with metal
species.166.167 This method is simpler than hydrothermal crystallization and
can be completed easily for tin-containing zeolites, but it is also time-
consuming as the synthesis is performed in several steps.

It was found that mesoporous structured materials bearing Lewis acid sites
such as Sn-MCM-41 and Sn-SBA-15 can also be very active and selective in
the conversion of DHA to alkyl lactates.83.83.151.155,168,169 |ndeed their superior
performance compared to microporous solids like zeolites is due to reduced
limitations in the diffusion of reactants and products. By adjusting the size and
arrangement of mesopores, the diffusivity of these materials can be further
controlled. Although the yield toward methyl lactate is significantly better using
the Sn-BEA catalyst at low temperature (40°C), the tin-based mesoporous
structured materials (such as Sn-MCM-41 or Sn-SBA-15) can achieve similar
yields (> 80%) if the temperature is increased (120°C).17° Li et al.
demonstrated that decreasing the size of mesoporous particles to form extra-
small (XS) Sn-MCM-41 particles with diameter ranging from 20 to 140 nm
improved the conversion of DHA as compared to conventional Sn-MCM-41
(64% compared to 32%). However, the selectivity was also reduced at higher
conversion.168

The use and development of Sn mesoporous silicates has been optimized
to find a perfect balance between activity, accessibility, dispersion and stability
to the selected reaction conditions (that imply the possible reuse in
consecutive cycles). The successful incorporation of isolated tetrahedrally
coordinated Sn into the silica framework — which provide the acid sites
required for the reaction — is the key to obtain an active catalyst.1%8 It was
shown that the incorporation of Sn in the framework also better promotes the
formation of Brgnsted acid sites, especially when compared to materials
prepared via Sn-doping of MCM-41 catalysts. In their work, Kim et al. reported
that in the conversion of DHA, a lower Brgnsted/Lewis acid sites ratio resulted
in higher selectivity toward lactates.'>® Based on this finding, the optimized
catalyst developed in their work (Sn-MCM-41) provided a 100% yield toward
lactates during the catalytic conversion of DHA within a reaction time of 30
minutes at 65°C.
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2.3. Incorporation of Lewis acid sites in mesoporous materials

Mesoporous structured materials bearing Lewis acid sites (i.e. Sn-MCM-
41, Sn-SBA-15, among others) were reported as active materials in the
conversion of DHA to alkyl lactates. The acidity and porosity are the most
important parameters to control to ensure good selectivity and to reach
excellent yield to the targeted product.'’* Mesostructured silica-based
materials were already described as attractive for their morphology, the size
and shape of the pores can be controlled to improve the accessibility to the
active sites and therefore the catalytic performance.

Mesoporous silica-based materials such as SBA-15, MCM-41 and “aerosol
SiO2” (vide infra) have high surface area, adjustable pore volume and good
thermal stability. However, they have almost no acidity, limiting their
applications in catalysis. Heteroatoms can be incorporated to tune the acidic
properties of the material. On the one hand, the incorporation of trivalent
atoms (such as Al) in tetrahedral coordination in the framework causes an
excess of negative charge, giving rise to Brgnsted acidity. On the other hand,
the addition of tetravalent atoms such as Zr, Sn, Hf and Ti in the silica
framework results in the presence of Lewis acidic properties.172

Kilos et al. reported that the location of the metal (i.e. if it is inserted in the
framework or extra-framework), the texture, morphology and the final acidity
of the resulting material were strongly dependent on the nature of the metal
and its loading in the material.1”® For instance, they incorporated Nb, V, and
Mo in SBA-15 and it was showed that Nb-oxide would mostly be located in the
extra-framework while Mo oxide was almost fully located inside the
framework. The nature of the metal, and more precisely the size of the
heteroatom is an important feature to look at. Obviously, heteroatom with a
size similar to the one of silicon have a better ability to enter the silicon matrix
and to incorporate the framework.17*

Sn-based materials have shown outstanding catalytic performance that
remains unsurpassed in the transformation of DHA to alkyl lactates. Two
strategies can be envisaged for the production of stannosilicate catalysts: (i)
a bottom-up approach, which involves adding a Sn precursor to the catalyst
synthesis gel (e.g., through hydrothermal procedures), and (ii) top-down
strategy (referred as post-synthesis strategies in the following), which entail
depositing Sn onto an existing silica structure. The selection of a specific
strategy can result in the formation of distinct catalytic active sites (e.g.
hydrated or dehydrated, framework species or extra-framework oxides),
ultimately influencing the activity, selectivity, and stability of the resulting
materials. Achieving atomically dispersed Sn sites is the most critical
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parameter to control during the synthesis of tin silicates that show good activity
in the conversion of DHA to alkyl lactates. The formation of condensed SnOx
phases should be avoided for they are less in this reaction. Indeed, in the most
common oxide form of Sn (SnOz) the tin metal is octahedrally coordinated to
six —O-Sn, which corresponds to tin in its highest coordination state. As a
result of the absence of open coordination sites, Sn cannot interact with
reactants and is inactive. Ideally, catalytically active Sn species have four
(tetrahedral) or fewer bonds with the support structure to enable coordination
with electron-donating groups of the substrate, such as carbonyls. Depending
on the synthesis technique and conditions, the formation of Sn oxide species
can be prevented or minimized.

Bottom-up approaches to synthesize Sn-containing materials are attractive
to obtain stannosilicates in one pot. The introduction of tetrahedrally
coordinated framework Sn in the mesoporous silica structure was successfully
accomplished by the direct addition of the tin precursor (SnCls*5H20) in the
synthesis gel of a silica-based material.1”>-¥’7 The incorporation of high
loading of Sn (up to ~15%) have been reported with this strategy. However,
the formation of extra framework SnOx species could not be avoided for such
high metal loading. Moreover, tin was partially buried in the amorphous silica
walls rather and on the surface, lowering its accessibility for catalysis.178179
This synthetic approach typically involves several steps (hydrolysis, aging,
etc.), sometimes spanning several days. Combined with the difficulty to scale-
up the process, this preparation route can be considered unappealing.18°

Post-synthetic strategies are usually preferred as they imply shorter and
easier protocols while assuring higher accessibility of Sn atoms. Different
strategies exist: chemical vapor deposition (CVD) of SnCls, grafting of alkyl
Sn salts (liquid and gas) and impregnation of tin precursor (SnCls*5H20).181.182
Among them, liquid grafting is particularly interesting as it allowed the
controlled introduction of Sn tetrahedral sites homogeneously at the surface
of the framework. The silanol groups present at the surface of the material can
be used as anchoring groups for the grafting of the tin alky salt. These strategy
usually involves the preparation of the alkyl tin salt through a multi-step
procedure, followed by the grafting and the chemical exchange of the ligands
to afford the active tin species.'® Advantageously, Wang et al. showed that
SBA-15 grafted with tetrabutyltin exhibited a better hydrothermal stability,
most probably due to the reduced amount of silanol groups at the surface
resulting in a higher hydrophobicity of the surface and a higher resistance
toward water.182 Similarly, Nishiyama et al. reported an enhanced thermal
stability of the catalyst when comparing the MCM-41 post synthetically treated
with SnCls vapor and Sn-free MCM-41.184 Although impregnation method is
easy to implement and widespread, it often results in less homogeneous
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incorporation of tin compared to the other methods, with the presence of
hexacoordinated tin in the material.12

These methods are widely spread and used. However, they either rely on
multi-steps synthesis which are for obvious reasons time-consuming and
waste-intensive, or their use results in extra framework tin species, poorly
active in catalysis. The dissertation turns to alternative synthesis strategies
(see next section of the Introduction), with the aim to limit the number of steps
while ensuring a homogeneous incorporation of tin in tetrahedral coordination
in the silica framework.
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3. From glycerol to lactate: an integrated process

3.1. The cascade reaction: Glycerol to methyl lactate

Considering the potential of methyl lactate for the biopolymer and chemical
industries and the limitations of its current production (see section 2.1 above),
alternative synthesis routes are considered. More specifically, the conversion
of bio-based glycerol — a green renewable feedstock — to alkyl lactates is
extremely appealing, in particular using methanol as a solvent to form methyl
lactate as methanol is already presented in the crude glycerol produced from
biodiesel, as mentioned in section 1.1.1 of this introduction!8 This approach
eliminates the need for an additional esterification step, which is required for
the production of high-quality polylactic acid. The production of methyl lactate
starting from glycerol has therefore attracted increasing interest in the
scientific community over the last decade, with an increasing number of
papers tackling this matter. Such transformation involves the two reactions
(thereafter called “steps”) describes in the sections above: oxidation to DHA
and rearrangement to methyl lactate.

The development of greener processes involving limited number of steps
is highly desirable from an industrial point of view. In this perspective,
integrating multiple catalytic steps within one system (to therefore perform
cascade reactions) is an elegant example of process intensification, aiming to
achieve direct transformation while minimizing resource consumption. This
approach is characterized by its ability to achieve more with less, promoting
sustainability and efficiency in chemical processes. Cascade reactions offer
several advantages and have garnered significant interest in the field of
catalysis.18-188 performing multiple reactions in a single reactor eliminates the
need for intermediate purification steps. Indeed, in traditional multi-reactor
setups, intermediate products are often isolated and purified between each
reaction step, leading to increased costs, time, and potential loss of valuable
intermediates. In a cascade reaction, however, the direct transfer of
intermediates between catalytic sites allows for seamless progression without
the requirement for isolation or purification. More importantly, the proximity of
different catalysts may facilitate rapid transfer of intermediates, reducing the
loss of reactive species and enhancing reaction efficiency, thereby leading to
higher yields of the desired product.

Great efforts have been made to develop catalytic systems to perform the
direct upgrading of glycerol to methyl lactate in one unique reactor. Several
reports have been released, showing efforts to design heterogeneous
catalysts to perform the cascade reaction. Based on the works reviewed in the
previous sections on each step, the catalytic systems for the valorization of
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glycerol to methyl lactate should combine two types of active sites: (i) a noble
metal for the oxidation step and (ii) Brgnsted and Lewis acidity for the triose
isomerization (Figure 1.11). While many research groups have successfully
developed catalytic systems for converting glycerol to lactic acid using water
as a solvent,189-193 there have been relatively few reports on the upgrading of
glycerol to methyl lactate in methanol, especially working in base-free
conditions. Controlling the level of glycerol oxidation to produce trioses
selectively presents a challenge, as these intermediate compounds are prone
to further oxidation, which can result in the formation of predominantly highly
oxidized compounds.*? Fast and selective transformation of the intermediates
is crucial as the lactic acid/alkyl lactate produced is more stable than the
trioses under the reaction conditions. Hence, careful design of the catalytic
system, including the noble metals and solid acid functions, and their relative
amounts, is essential.1941%

[O] + MeOH HO
vo_L_on — @ —o_L_on— @ )J\,O B O
Glycerol Metal site Dihydroxyacetone Brgnsted acid Lewis acid o

Methyl lactate

Figure I.11. Cascade reaction from glycerol to methyl lactate with the different
steps of the reaction and the catalytic species required.

3.2. Mechanical mixture for the cascade reaction

Few groups reported the catalytic transformation of glycerol to methyl
lactate with a mechanical mixture of two catalysts (one for each step of the
cascade reaction). The group of Pescarmona first demonstrated that a
mechanical mixture of 2%Au/CuO and Sn-MCM-41-XS could reach a 95%
glycerol conversion with a ML yield up to 62% in 10.5h at 140°C.1% Extra small
Sn-MCM-41 particles were selected for their moderate Brgnsted acidity
(compared to zeolite catalysts) which is more favorable for the second step of
the cascade reaction. Indeed, Sn-MCM-41-XS exhibited a much better
selectivity compared to USY in the isomerization step. Based on these first
results they focused their effort in designing a better catalytic system for the
first step of the cascade reaction.1%” The use of bimetallic nanoparticles tuning
the electronic properties, stability and morphologies of the nanoparticles was
studied. The optimal ratio Au:Pd was found at 1:1 and deposited on carbon
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nanotubes. The support was functionalized with different functions to ensure
the best anchoring of the metal nanoparticles. The developed catalyst gave
85% yield of methyl lactate at 96% conversion of glycerol after 9 h at 140 °C,
which is the best catalytic performance reported so far in the literature for
base-free systems. The use of bimetallic Au—Pd nanoparticles was shown to
lead to higher activity compared to the monometallic systems (either Au or Pd
alone), proving the synergy between Au and Pd. The turn-over frequency
TOF) of these systems was calculated based on the initial glycerol conversion
and the loading of gold introduced in the reaction (molsLyconverted.MOlaut.h1).
The two catalytic systems exhibited good TOF (Table 1.2, entry 5-6).

Based on the results obtained by Pescarmona and collegues, Zhou et al.
used an Au/CuO catalysts combined with Sn-Beta zeolites as a mechanical
mixture to perform respectively the oxidation and isomerization to form ML.19%
Similarly, CuO was selected as the best among a series of metal oxides to
support gold NPs and enhance their catalytic performance The reaction was
tested under low temperature (90°C). The best Sn loading in the Beta zeolites
was found at 2 wt.%, due to the formation of inactive extra framework species
at higher loadings. The one-pot conversion of glycerol to ML was successfully
executed over the mixture of Au/CuO and Sn-Beta, with a 85% glycerol
conversion and 60% ML yield after 4 hours at 90°C. Increasing the glycerol
concentration up to 4 times led to decrease the glycerol conversion to 54%
and the ML vyield to 34%, mostly due to DHA overoxidation. Although this
report showed great potential while working at low temperature, the resulting
catalytic system still showed poorer performance when calculating the TOF
(Table 1.2, Entry 7), as the high amount of catalysts engaged during the
reaction was relatively high.

3.3. Development of bifunctional catalysts

Moving forward, with the idea to improve the sustainability of the
transformations, efforts are made to intensify the processes, for example by
developing multifunctional catalysts bearing different catalytic species, able to
run cascade reactions in a unigue reactor.1®® Strong boost of the catalytic
performance in multifunctional catalysts are often observed due to the
synergistic effect brought by the active site proximity.200-204 Also, from a
chemical engineering perspective, it is attractive to handle only one type of
solid particles instead of two or more, as it facilitates the optimization of
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handling, stirring, recovery, etc. The challenge, however, is to combine two or
more types of functional sites — such as acid and metallic — on the same solid
particles in a way that they both preserve their intrinsic activity, and to make
them work cooperatively in a reactor to perform the one-pot cascade reaction.

The group of Heeres was the first to report the direct conversion of glycerol
to methyl lactate using methanol as a solvent with a material bearing two
active sites. Their pioneering work was based on the combination of gold
nanoparticles supported on USY zeolites.1®* In this system, the Lewis acid
sites are brought by the USY-600 zeolites. The bifunctional catalyst was
synthesized following a multi-step procedure. Colloidal gold was first
synthesized using PVA as a protecting agent and NaBH4 as a reducing agent
to form Au® sol. The nanoparticles were then immobilized on the zeolite
support. The gold nanoparticles size displayed rather large distribution with
diameter ranging from 3 to 15 nm. The catalytic conversion reached 95% after
10h at 160°C with a yield approximated at 73% to ML. The direct conversion
of DHA into ML enabled them to highlight the minimal occurrence of
overoxidation products. At 90°C, the glycerol conversion was significantly
decreased to only 5%. In their work, they also tested different support (USY-
720, Al203, H-Mordenite) and showed that the highest ML yield was achieved
when zeolites contained a significant proportion of extra-framework Al
species, indicating the importance of Lewis sites in this reaction. The catalytic
system developed in this work exhibited very high TOF (calculated based on
the glycerol conversion and gold loading, see Table I.2, Entry 1).

Moving further Lu et al. worked on the introduction of tin in less acidic USY
zeolites. This way, the amount of Lewis acid sites can be precisely controlled
and studied in the isomerization of trioses.2% In their work, a hierarchical Sn-
USY, active at room temperature, was synthesized to fully convert DHA to ML
with an excellent yield (95%). The Sn-USY zeolites were obtained by a first
step of dealumination followed by dry impregnation of tin. On this modified
zeolite, preformed Au nanoparticles were immobilized by a colloidal deposition
method (as it was described above). The interaction between those two active
sites and their properties (i.e. the surface electronic properties of gold and the
acidity of tin) were also investigated. Interestingly, they showed that the gold
nanoparticle size was positively impacted by the presence of tin. Indeed, when
tin was absent of the zeolites, large nanoparticles of 18.7 nm were obtained
with a large patrticle size distribution ranging from 8 — 32 nm. The incorporation
of tin in the USY, with loading from 1 to 4 wt. % gradually decreased the
nanoparticles size from 9.4 to 5.5 nm. They evidenced that the presence of
extra-framework Sn species (Sn reacting with Si-OH to form SnOx) at high tin
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loadings was responsible for this size decrease. The gold nanoparticles were
preferentially located near the extra framework species and interacted by
transferring some electrons into the SnOx species, hindering the further
growth and aggregation of the nanoparticles (Figure 1.12). Leveraging on the
positive interactions between Au and extra-framework Sn, they worked with a
3 wt.% Sn loading to obtain nanoparticle of 6.2nm. The resulting catalyst
displayed good catalytic activity. They were the first to report such a high ML
selectivity (~90%) with a high yield (>75%) after 10 hours of reaction, at
160°C. The mechanical mixture of the two separate catalysts showed poorer
conversion (~ 40%) with a ML yield of only 12%. It is unclear if the improved
catalytic performance observed with the bifunctional catalyst are the result of
(i) the significantly smaller gold nanoparticles or (ii) the proximity of the two
active sites. Their work evidenced the complexity of synthesizing bifunctional
materials, even when using intricate multistep procedures. Importantly, the
gold nanoparticles size could not be controlled independently from the Sn
loading, Also, the amount of Lewis and Brgnsted acid sites were also affected
by the parameters used to immobilize the gold.

1Au/3Sn-DecAl-USY 3Sn-DeAl-USY
® Al Au ¢ Framework Sn @ Extra framework SnO,

Figure 1.12. Schematic representation of the synthesis of the Au/3Sn-DeAl-
USY catalyst from Lu et al. (2014).205

Later on, Li et al. developed a tin-exchanged montmorillonite (Mt), a low-
cost material with high surface area, a tunable acidity and a great ability to
exchange cations, such as metals cations.'® In their paper, up to 25 wt.% of
tin was successfully incorporated in the Mt using an ion exchange method.
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The gold nanoparticles were also deposited on the support surface as
preformed Au®. The best catalyst contained 20% of tin and 1% of gold
(Au/Sn(20)-Mt). In the conversion of glycerol to methyl lactate, at 150°C and
after 6h, only 35% of conversion and less than 5% of ML yield was obtained.
Better catalytic performances were however obtained when increasing the
temperature to 210°C, with a maximum conversion of 78% and a methyl
lactate yield of 54%. Impressively, the developed catalyst showed the best
TOF found in the literature (Table 1.2, Entry 3-4). As it was already observed
in the work of Lu et al., they reported in this work that the average gold
nanoparticle size was impacted by the tin loading, but with an opposite effect.
The incorporation of Sn into the materials led to a noticeable increase in the
size of gold nanoparticles, growing from 3.5 nm without tin to 6.1 nm when the
tin loading reached 25 wt.%. The authors suggested that the introduction of
tin into the Mt altered the surface properties of the support, negatively
impacting the anchoring of Au particles and promoting their aggregation upon
immobilization. Low-angle and wide-angle XRD patterns both showed a
reduced crystallinity owing to the partial delamination of the Mt structure in the
acidic solution containing the tin precursor. After the further deposition of gold
nanoparticle, the Mt layered structure completely collapsed. Furthermore, a
decrease in the overall acidity of the material (while maintaining a constant
L:B acidity ratio) was observed after gold deposition on the support. These
observations emphasize the challenged encountered when preparing a
bifunctional catalyst, particularly in terms of preserving the integrity of the
starting material and the already formed active site during the subsequent
incorporation of each additional active site.

Similar results were obtained by the group of Perscarmona when trying to
deposit gold nanoparticles and Sn-MCM-41-XS. The synthesis of the
bifunctional catalyst proceeded in two steps: (i) the synthesis of Sh-MCM-41-
XS particles, (i) the loading of gold nanoparticles at the surface MCM using
the deposition-precipitation method. Unfortunately, the alkaline conditions of
this second step resulted in the deterioration, the partial dissolution of the
support material MCM-41-XS and a significant loss of tin sites (~30%) and
thus of Lewis acidity. As a result, low ML yield were reached (35%) at rather
high conversion (76%), with a higher amount of overoxidation side product.
The synthesis of bifunctional materials can be a complex endeavor, as active
sites may be lost during multi-step processes. Preserving and incorporating
these active sites effectively is essential to ensure the desired functionality
and maximize the catalytic potential of the material.
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More recently, a bifunctional catalyst was synthesized leveraging on the
idea to anchor gold nanoparticles on hierarchically ordered core-shell
SnB@mesoporous silica composites.2% The catalyst was synthesized in three
steps: (i) the synthesis of the Snf3 zeolites — the core, (ii) the deposition of the
mesoporous silica (MS) around the crystals — the shell and (iii) the deposition-
precipitation of gold nanoparticles on the SnB@MS. In this work, they
managed to create a unique sandwich-like structure in which the gold
nanoparticles are located at the junction of the Snf surface and the
mesoporous silica wall. As a result, the obtained gold nanoparticles (size
distribution of 1.3-3.9 nm) are protected from sintering. The resulting catalyst
exhibited good catalytic results with a glycerol conversion of 98% and a ML
yield of 92% at 140°C after 4 hours. However, those results were obtained
working with a very high catalyst loading (Au/glycerol molar ratio) compared
to other works and the resulting TOF of the catalytic system in this work was
actually found to be the lowest (Table 1.2, Entry 8).

As it was demonstrated through the various aforementioned examples,
synthesizing bifunctional materials represents a challenge for it usually
involves multistep synthesis processes in which the addition of an active
species on a preformed (active) material can modify its morphology or texture,
can affect the nature of chemical surface species, and can hinder the
availability of catalytic sites. However, the synthesis of bifunctional material is
highly desirable to perform a cascade reaction, especially the transformation
of glycerol to ML because the proximity of the two active sites may enhance
the rate of the reaction and increase the yield of desired products — while
preventing side reaction leading to the decomposition of the intermediate
(DHA). Therefore, it appears pertinent and imperative to develop innovative
synthesis strategies that minimize synthesis steps while preserving the
intrinsic properties of each catalytic species.
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Table 1.2. Catalytic systems already developed in the literature and their catalytic performance for the glycerol
conversion to methyl lactate

Entry Catalysts T t (h) P Calycerol Au/ Molar Sn Xaly | Ymu | TOF? Summary Ref
(°C) (bar) (M) AuPd Gly/Au | loading | (%) | (%)
loading ratio (Wt%)
(Wt%)
1 Au/USY- 160 5 30 0.25 0.35 1407 / 81 60 228 | 1stwork to report the 194
600 (air) cascade reaction,

lower overoxidation
product during the
one-pot cascade,
extra framework Al
needed for the 2nd

step
2 Au/Sn- 160 | 0.5 | 5(02) 0.2 1 98.5 3 59 48 116 | Introduction of Sn for | 205
usy a better control of

the Lewis acidity, the
presence of extra
framework Sn
stabilize the gold NP
during their
formation
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Au/Sn(20)
Mt

Au/Sn(20)
Mt

2Au/CuO +
SnMCM-
41-XS

PdAu/C +
SnMCM-
41-XS

Au/CuO +
Snp

210

150

140

140

90

0.5

0.5

4.5

2.5

0.5

30
(air)

30
(air)

30
(air)

30
(air)

15
(air)

0.25

0.25

0.25

0.25

0.1

1.79

1(1:1)

1407

1407

985

692.5

49.2

20

20

62

29

65

47

47

62

62

42

25

1745

816

142

130

46

Mt a very good
support to
incorporate Sn (up to
25%), the deposition
of the AuNp leads to
the partial collapse
of the structure and
a loss of acidity

Mechanical mixture
better than
bifunctional, Sn-
MCM-41-XS for a
better selectivity than
zeolites, CuO best
support for Au

Better catalytic
performance in the
first step with
bimetallic than
monometallic

Catalysts
successfully working
at the lowest
temperature
reported, increasing

185

185

196

197

198

43



the concentration of
glycerol decreases
the conversion

8 AuU/SnBMS | 140 1 | 5(air) 0.2 1 98.5 4 31 30 30 AuUNPs protected 206
from sintering thanks
to a unique
sandwich-like
structure

a Turn-over frequency, calculated on amount of glycerol transformed and the amount of gold introduced (molcLyconverted.Molau.h1).
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4. The aerosol-assisted sol-gel process

As showed above, the concomitant dispersion of small and stable metal
NP onto silica, and incorporation of metal sites into the silica matrix remains
challenging, and existing synthetic procedures suffer from various types of
limitations. In this context, it is interesting to turn to alternative preparation
routes that may offer potential advantages.

Sol-gel routes are known to offer wide synthetic options, in particular for
the preparation of heterogeneous catalysts.2%” Sol-gel syntheses are widely
used to produce metal oxides, especially silica, titania, alumina, zirconia, etc.
Usual hydrolytic sol-gel methods involve two main reactions: (i) the hydrolysis
of the metal organic precursors (such as alkoxides and salts) in acid or basic
medium to form reactive species and (i) the polycondensation of the
hydrolyzed products through oxolation (in the case of silica) (Figure 1.13). Sol-
gel chemistry — as a “chimie douce” approach?2°® — offers a handy toolbox for
blending different precursors and obtaining mixed oxides, for creating tailored
porosity, and for introducing surface functionalities. All of these aspects are
crucial for the preparation of heterogeneous catalysts.

OR OR
RO-Si—-OR + H,0 =— RO-Si-OH + ROH (1)

OR OR

OR OR OR  OR
RO-Si—OH + HO-Si-OR *— HO-Si-0-Si—-OR (2)

OR OR OR  OR

Figure 1.13. Typical sol-gel chemistry with a Si alkoxide with (1) the hydrolysis
and (2) the condensation via oxolation reaction. R = alkyl chain (-CH2CHjs for
TEOS).

Aerosol processes are versatile methods to produce dry powders. They
rely on the atomization of a liquid sample and on the rapid evaporation of a
volatile solvent from a liquid mixture to obtain powders. When drying a
suspension of preformed solid particles, it referred to as “spray drying”. The
utilization of aerosol processes has found wide applications in industries such
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as pharmaceuticals, chemicals, polymers, and food, primarily due to its
economic viability, continuous operation, scalability, and rapid powder
production capabilities.299210 Notably, one of the remarkable advantages of
aerosol processing is the precise manipulation of particle characteristics,
including shape, size, and density, which can be achieved through meticulous
control of the aerosol operating conditions. In the field of catalysts synthesis,
continuous aerosol processes are primed to solve some synthesis challenges
such as time- and resource- consuming issues, as they involve a very limited
number of preparation steps and allow producing various kinds of advanced
heterogeneous catalysts with a fine control of the catalyst particle shape, size,
surface chemistry and textural properties.?1!

Interestingly, coupling sol-gel chemistry with particular processing
strategies, can offer an extended toolbox to control the final materials
properties.?!? In particular, sol-gel chemistry can be combined with aerosol
processing. This has been coined as the “aerosol-assisted sol-gel” process,
AASG. In this case, the atomization is not exploited simply to dry a preformed
solid, but instead liquid droplets are used as micro-reactors into which the
solid material is being synthesized during processing. A stable and
homogeneous solution of (pre-hydrolyzed) precursor(s) is atomized to form a
mist of droplets which have all the same composition (Figure 1.14). The
droplets are subsequently dried under relatively mild conditions which initiates
the evaporation of the solvent and the inorganic polycondensation reactions.
Pore-generating agents are often used to generate the desired porosity in the
material. It can either be pre-formed particles, such as polymer or biopolymer
beads, or surfactant molecules which undergo evaporation-induced self-
assembly (EISA) to form micelles that are trapped in the inorganic framework
during the drying step. The aerosol-assisted sol-gel process is frequently
accompanied by subsequent thermal or chemical treatments to eliminate the
templating agent, thereby create the porosity.21!
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Figure 1.14. Schematic view of the aerosol-assisted sol-gel process to
synthesize catalysts.

A key feature of the AASG process is that the solid particles are formed
very rapidly (in the order of 1 to a few seconds). Thus, unreactive or less
reactive species (such as metal nanoparticles, salts, complexes), can be
confined by “brute force” in the matrix of the forming inorganic oxide, even if
the natural affinity between the species is poor. Also, sol-gel precursors of
different nature, which would tend to react at very different rates under the
classical (slow) sol-gel chemistry conditions (leading to highly inhomogeneous
mixed oxides), will here be statistically mixed in a homogeneous way. This
effect is referred to as the “kinetic quenching”.

AASG process was shown to give access to a variety of mesostructured
oxides and mixed oxides successfully employed as catalysts or catalyst
supports.?13-216  |ndeed, this technique is currently emerging as versatile
method for the production of tailored heterogeneous catalysts with tailored
properties (texture, composition, dispersion, surface functionality).?!! Various
types of catalysts were prepared in our group leveraging on this synthesis
method, including SnSiO2 mesoporous mixed oxides,?” hierarchically porous
Ti-SiO2 mixed oxides,?* mesoporous TiO2 supports for Ru-based catalysts,?1°
NaAlO2 microspheres,?*® Mo- and W- based catalysts?'® and many others
inorganic catalysts. It was also recently used to prepare hybrid
chemoenzymatic heterogeneous catalysts combining TS-1 zeolites and
glucose oxidase enzyme.?19.220
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Mesoporous silica particles obtained by AASG have already been used as
supports for Au nhanoparticles incorporated in a second step by deposition-
precipitation.?21 However, gold tended to form large nanopatrticles blocking the
pores of the silica. Interestingly, the direct (one-step) preparation of
nanostructured metal-based catalysts was also demonstrated with various
supports. Kan et al. first showed that adding pre-formed Au, Pt and Pd
nanoparticles in the aerosol feed allowed to embed small gold nanopatrticles
in an alumina or ceria support.??? Initially, a suspension of nanoparticles with
size ~ 2 nm was prepared through the reduction of metal salt with NaBHa in
the presence of a capping agent such as CTAB, which is expected to prevent
the sintering of the metal nanoparticles. The suspension was then mixed with
a solution of precursor (either for alumina or for ceria) and a templating agent.
The resulting solution was atomized and spray dried at 480°C, causing the
precursor condensation, micelles formation and oxide polycondensation. The
metal nanoparticles were trapped in mesoporous A0z or CeO:2
microspheres. The resulting catalysts displayed metal nanoparticles with
diameter slightly increased of 5 nm and were active in the hydrogenation of 4-
nitrophennol.

Moving further, the group of Geng used an efficient synchronous spray-
pyrolysis deposition route (SPDR) working at high temperature to prepare
PY/TiO2 and Pd/TiO2 catalysts.?®223 To do so, they directly added the metal
precursor (H2PtCls or Pd(NO3)2) in a solution containing the titania precursor
(tetrabutyl titanate, TBT) and a templating agent (F127). The precursors were
hydrolyzed with HCI and mixed with ultrasonic assistance. Finally, the mixture
was sprayed into a tube furnace at 600 °C. They managed to obtain single-
atom (by introducing metal precursor) and/or nanoparticles (by introducing
pre-formed NPs). They observed in both work that there is a synergistic effect
between single sites and metal nanoparticles to obtain better catalytic
performance in the CO oxidation (for Pt samples) and ketone/aldehydes
hydrogenation (for Pd samples). They also investigated the effect of the
support by performing the same synthesis using an “inert” support (Al203) with
Pd/Pt nanoparticles. Both the dispersion and therefore the catalytic
performance were negatively affected when working with Al2Os.

Similarly, Hampsey et al., reported a direct synthesis of Pd-SiO: catalysts
by adding the metal precursor in the feed of the aerosol together with the Si
alkoxides and the templating agent.??* Depending on the nature of the Pd
precursors (and therefore on the nature of their interactions with the silicate
matrix), Pd nanoparticles of different sizes could be obtained, ranging from 15
to 25 nm (i.e. relatively large). They also showed that the metal NPs size can
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be controlled by varying the amount of metal salt in the precursor solution.
Indeed, adding higher amount of palladium resulted in an increased
nanoparticles size (Figure 1.15).

Figure 1.15. TEM micrographs of 2% Pd-SiO2 mesoporous particles prepared
with (a, b) P123, (c) Brij-58, and (d) F127 surfactants. From 224,

It is interesting to notice that different types of pore morphologies (onion-
like, interconnected) with variable size can be obtained depending on the
surfactant used. Surfactant molecules can actually form different phases,
depending on their chemical composition (the hydrophobic/hydrophobic ratio
and length), the nature of the solvent, but also the conditions that are used
(temperature, concentration). P123 and F127 are for example both composed
of PEO (polyethylene glycol) and PPO (polypropylene glycol) units (Figure
1.16), but the ratio PEO/PPO is different, bringing different properties to the
two surfactants. Depending on these different parameters, the surfactant can
assemble into different types of micelle structure (lamellar, spherical, worm-
like, inverted micelles).??> The control of the pore morphologies through the
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micelles self-assembly usually relies on a thermodynamic equilibrium.
However, due to the kinetic quenching occurring during the AASG process,
such equilibrium cannot be reached. Instead, the formation of the micelles is
induced by the rapid evaporation of the solvent and the formation of the silica
framework sets their structure. Thus, the conditions in the aerosol must be
optimized to reach the desired porosity.

Pluronic P123 Pluronic F127
Ho{CHZCHZ(}HCHZCHOHCHZCHZOJ—H HoA[CHZCHonCH;HoHCHZCHZo}—H
0 | 70 20 00 | 65 100
CH, CH,
PEO PPO PEO PEO PPO PEO
ANNANNUY

Figure 1.16. Chemical composition of the two surfactants P123 and F127.

Although the addition of Pt and Pd in the aerosol process has already been
demonstrated, only large nanoparticles could be obtained when working with
an inert support, such as silica. Gold, on the other hand, has almost not been
tested in the aerosol. Jin et al. first reported in 2015 the direct addition of Au
precursor (HAuCls) in the AASG process with AlO3/TiO2 or ZrO:
precursors.?2% Although the gold nanoparticles obtained were homogeneously
dispersed in the support oxides, they exhibited rather large particle diameters
ranging from 10 to 30 nm. As a consequence, the catalytic performance —
tested in the liquid-phase reduction of 4-Nitrophenol — of these materials were
very poor. Similar results were obtained by Kan et al. when synthesizing Au
supported on Al2Os by one-pot leveraging on the aerosol. The sample
displayed very large nanoparticles (20 — 25 nm) and poor thermal stability with
important sintering.222 However, they established that the best support to
enhance the affinity gold — support was ceria. Based on this, Jia et al. focused
their work on the synthesis of Au/CeO:2 with loading from 1 to 5 mol.%. Still,
the size ranged from 15 nm (1 mol.%) to 21 nm (5 mol.%). The only successful
synthesis of small supported gold nanoparticles using the aerosol process
was achieved when gold nanoparticles are pre-formed as mentioned earlier.
Currently, the direct one-pot synthesis of small supported gold nanopatrticles
with diameter below 10 nm has never been reported. Moreover, the direct
synthesis of small noble metal (Pd and Pt) nanoparticles has never been
achieved successfully using inert support such as silica.
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Recently, a series of Cu-SiO. catalysts was prepared via a one-pot
preparation by the AASG in our group, showing high activity in the CO2-to-
methanol reaction.??” Cu(NOs)2 was directly added to the solution of the
aerosol, and CuO particles were then formed upon calcination. The CuO
nanoparticles reached a size of 11 nm, which increased to 37 nm when the
calcination temperature was increased from 350 to 750°C. The copper surface
concentration also increased with the increasing calcination temperature,
indicating that the copper progressively migrates at the surface of the particles
(a phenomenon called “exsolution”) and sinters as the temperature increases.

Although the synthesis of supported metal nanoparticles using the aerosol-
assisted sol-gel process has then been investigated by few groups, the direct
addition of the metal precursors in the synthesis with a non-reducible support
(such as silica) usually leads to the formation of rather large particles,
especially in the case of gold which is unstable. The temperature of synthesis
in the aerosol process, the metal loading, the temperature of calcination, the
nature of the metal precursor are key parameters that need to be studied to
have a better understanding of the formation of the nanoparticles in the
aerosol process, and how to control their formation to target small
nanoparticles (ideally below 5 nm).

The aerosol-assisted sol-gel preparation strategy recently proved to be
highly relevant to prepare mesoporous mixed-oxides particles (e.g. Ti-
silicate, 2?8 Zn-silicate,??’ Ga-silicates,?2® and Sn-silicates?!3217).  Such
catalysts displayed interesting features, including a large surface area, open
and calibrated mesoporosity and the different metals were successfully
incorporated in the silica framework, with the insertion of the metals
predominantly as single site in tetrahedral coordination. The catalysts showed
excellent catalytic activity in their respective reactions. For example,
mesoporous tin silicates produced by the AASG method demonstrated good
catalytic performance with a conversion of DHA reaching 34% and a lactate
yield of 12% at low temperature (90 °C). The latter catalyst's turnover number
attained a value close to previously reported reference catalysts.

To conclude on the potentialities of the AASG process, it is well established
that it can produce silica-based materials with an excellent control on texture,
with the insertion of transition metal oxides inserted in the silica matrix, and
incorporating metal nanoparticles (although facing some challenges
especially regarding the size).
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TOWARD THE OBJECTIVES OF THE THESIS

Considering the current context and the latest developments in the field of
biomass upgrading, this thesis focuses on the valorization of glycerol — the
main byproduct of the biodiesel production — to target the synthesis of methyl
lactate, a valuable chemical that can be used to produce polylactic acid. To
intensify the process, we aim to perform this cascade reaction involving two
steps, in one unique reactor.

Therefore, we ambition to explore the preparation of bifunctional catalysts
that would allow to step forward in the design of an integrated (intensified)
cascade reaction, to directly upgrade glycerol towards the desired lactates.
More precisely, we aim to design, in a limited number of steps, catalysts
displaying highly dispersed noble metal nanoparticles (gold, palladium or
platinum) — as they are known to be highly active in oxidation reaction —
supported on a catalytically active tin-silicate showing good Lewis acidity. To
achieve this goal, we first need to address the development of a synthesis
strategy to obtain noble metal nanoparticles with a narrow size distribution
supported on silica to selectively convert glycerol to dihydroxyacetone, the
intermediate of the cascade reaction.

As mentioned in the state of the art, the remaining challenges to meet
these goals are (1) carefully controlling the formation of the noble metal
nanoparticles during synthesis, (2) creating strong interactions between the
noble metal nanoparticles and its silica support, (3) demonstrating that both
types of active species can be obtained on one unique support, and coexist
without hindering or deactivating each other and (4) find suitable conditions
for both active sites to maintain their catalytic performance. Therefore, a
special attention will be given to these objectives.

By achieving these objectives and overcome the different challenges, this
thesis aims to provide valuable insights into the design and optimization of
supported noble metal and bifunctional catalysts for the oxidation of glycerol
and the subsequent cascade reaction to produce methyl lactate.
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STRATEGY

As mentioned, the AASG process is a quite versatile, cost- and time-
effective technique, and protocols are amenable to further complexify the
formulations. In the context described above, we hypothesized that this
method could prove highly interesting for the preparation of supported metal
catalysts (for the oxidation of glycerol) and of metallosilicate catalysts for the
rearrangement of DHA to lactates. Moving further we believe that this
preparation method could be suitable to combine the two catalysts into one
bifunctional material. The general strategy developed is articulated around
four parts described below. In each part of this study, a cyclic strategy is
implemented in which (i) the catalysts are synthesized by the aerosol process
(ii) the materials are characterized using various techniques such as XRD, N2
physisorption, TEM, ICP, XPS and other methods to provide valuable insights
into the structural and chemical properties of the catalyst before and after
thermal treatment and (iii) then, they are tested in their respective reactions to
evaluate their catalytic performance.

In a first chapter, we will investigate the synthesis of supported gold
nanoparticles-silica catalysts following a two-steps procedure. In a first step,
colloidal gold nanoparticles with a controlled size and structure will be
synthesized. These particles will then be directly added in the AASG process
alongside the silica precursor and the templating agent. The effect of aerosol
processing and calcination on the nanoparticles size will be studied. The
interactions between the nanoparticles and the silica will be also studied and
hopefully improved by investigating different ligands to stabilize the colloidal
gold during the aerosol synthesis.

In the second chapter of this work, the focus will be put on the study and
development of a one-pot synthesis strategy (still relying on the AASG
process) of Au-SiO2 catalysts. To do so, the Au precursors will be directly
added in the precursor solution right before the aerosol processing. This way,
we expect to incorporate them homogeneously into the silica matrix, taking
advantage of the kinetic quenching of the aerosol synthesis. The parameters
of synthesis (such as the gold loading, the temperature of synthesis and
calcination, etc) will be intensively investigated to target the formation of small
nanoparticles. Once the parameter of the synthesis will be optimized, it will be
expanded to other noble metals such as Pt and Pd.

The third and fourth chapters will mainly focus on the synthesis of
bifunctional materials, combining gold, palladium, platinum or bimetallic
nanoparticles and tin-silicate. To do so, the one-pot strategy developed in the
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previous chapter will be implemented and studied in the design of bifunctional
catalysts. These will be extensively studied to assess if the intrinsic properties
of each catalytic species are maintained or if they actually interfere with each
other. Regarding the cascade reaction, a significant part of the research will
focus on investigating the kinetics of the sequential reaction and the impact of
reaction variables (amount of noble metal, temperature, O2 pressure, etc.) on
the active sites. This exploration aims to fine-tune the performance of the bi-
functional catalysts.

The methods and materials developed in this project will have industrial
appeal due to the ease of scaling-up of aerosol processes for industrial use,
and their potential for adaptation to other catalytic systems.
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EXPERIMENTAL SECTION

This section describes the main characterization techniques used jointly in all
chapters of the thesis. The preparation of the different materials, as well as
the catalytic testing procedures that is different in each chapter are described
in separate experimental sections at the beginning of the said chapters.
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1. Materials

Tetraethyl orthosilicate (TEOS, >97%), dodecane (>99%), (3-
mercaptopropyl)-trimethoxysilane ~ (MPTMS, >96%) and 13 -
Dihydroxyacetone dimer (DHA, >96%) were purchased from TCI. Methanol
(HPLC Grade, 99.8+%) and urea (ACS, 99-100%) were purchased from Alfa
Aesar. Methyl DL-lactate (ML, >97%), Pluronic® F-127, Pluronic® P-123,
hydrochloric acid (37%), palladium (ll) chloride (PdClz, 5 wt. % in HCI),
ammonium tetrachloroplatinate (1) ((NH4)2PtCla, 99%), borane tert-butylamine
complex (97%), sodium tetrafluoroborate (NaBF4, 99%), tetrabutylammonium
bromide (TBAB, >98%), tetrabutylammonium thiocyanate (TBASCN, 98%),
chloroform (ACS reagent, >99.8%) and tin (IV) chloride pentahydrate
(SnCls-5H20, 98%) were all purchased from Sigma-Aldrich. Glycerol (Pure,
99%+), oleylamine (OAm, approximate C18 content 80-90%), 1,2,3,4-
tetrahydronaphtalene (tetralin, 98+ %) and chloroauric acid trihydrate
(HAuUCl4-3H20, ACS reagent) were purchased from Acros Organics. Absolute
ethanol (ACS reagent) was purchased from VWR Chemicals. N-hexane (ACS
reagent) and phenylethyl mercaptan (PEM, >99%) were purchased from
Merck. Ammonium thiocyanate (NH4SCN, 98+ %) was purchased from Alfa
Aesar.

2. Material preparation
The aerosol syntheses followed protocols already developed by our

group.?3?7 Due to the variety of materials synthesized, the synthesis
procedures will be described in each chapters.

3. Characterization of the catalysts

3.1. Bulk composition

The metals bulk content was measured by inductively coupled plasma —
optical emission spectrometry (ICP-OES) on an ICP 6500 instrument (Thermo
Scientific Instrument) after dissolution of the samples by sodium peroxide
fusion. The experiments were carried out at the MOCA platform if Earth and
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Life Institute (ELI) of the UCLouvain. Elodie Devos and Hélene Dailly are
acknowledged for performing the ICP-OES experiments. The samples have
been prepared by sodium peroxide (Na203) / sodium hydroxide (NaOH) fusion
(30 mg of sample + 1 g Na202 + 1 g NaOH) and then dissolved in 200 mL H20
Milli-Q and 30 mL HCI (37%) and finally brought to 500 mL. The wavelengths
used for Au are 197.819 / 208.209 / 242.595 / 267.595 nm (Axial) and for Si
212.412/221.667/251.611/288.158 (Axial and radial). The calibrations were
performed in the same composition (Na202 / NaOH) with Au concentration
0.1-0.2-0.4-1-2 ppm and Si concentration 1-2-4-10-20-40 ppm. Samples were
diluted twice before analysis.

3.2. Surface composition

The surface composition was investigated by X-ray photoelectron
spectroscopy (XPS). The experiments were carried out with an SSX-100/206
spectrometer (Surface Science Instruments, USA) equipped with a
monochromatized Al-Ka radiation operated at 10 kV and 20 mA. The
calibration of the binding energy scale was performed on the Si 2p peak at
103.5 eV.1 The data obtained were processed with CasaXPS from Casa
Software Ltd, UK. More precisely, the quantification of surface Au (performed
by XPS) was based on the 4f peak (4fs2 and 4f7;2) at 87.5 and 84.0 eV. The
quantification via X-ray photoelectron spectroscopy (XPS) experiments of Pt
was based on the 4f72 peak (~71 eV), the one of Pd on the 3ds2 (335.8 eV)2%0°
peak and the one of Sn was based on the 3ds. peak (486.5 eV). The
calibration of the binding energy scale was performed on the Si 2p peak at
103.5 eV. The data obtained were processed with CasaXPS from Casa
Software Ltd, UK. Pierre Eloy is acknowledged for his help during the XPS
analysis and the data analysis.

3.3. X-Ray diffraction

The crystallite size of metal nanoparticles was determined by X-Ray
diffraction (XRD) patterns using the Scherrer equation. The diffraction patterns
were measured at room temperature with a Bruker-D8 Advance diffractometer
(Bragg-Brentano geometry) using Cu Ka radiation operated at 40 kV and 30
mA. Diffractograms were collected from 5° to 100° (20) with a step size of
0.05° (28) and a time step of 1.5 second. All samples were analyzed using a
Bruker holder PMMA ring with a diameter of 25 mm. The resulting data were
processed using Winplotr to integrate each peak, determine the full width at
half maximum, and to calculate the nanocrystallite size via Scherrer equation.
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3.4. Nitrogen physisorption

Nitrogen physisorption analyses were carried out at 77.4 K using a Tristar
3000 instrument (Micromeritics, USA) to determine the textural properties of
the different samples. Prior to analysis, the samples were degassed overnight
at 200°C. The specific surface area was determined by the Brunauer-Emmett-
Teller (BET) method in the 0.05-0.30 relative pressure range. The total pore
volume (Vp) was measured at p/p, = 0.98. The pore size distribution was
obtained from the adsorption part of the isotherm using the Barrett-Joyner-
Halenda (BJH) method. The microporous specific surface area was evaluated
by the t-plot method in the thickness range of 3.5 to 5.0 A.

3.5. Thermogravimetric analysis

TGA-MS analysis was performed to follow the decomposition of the sulfur
and the organic moieties. The apparatus was operating under air (100 mL.min-
1) from 25 to 850°C at a heating rate of 10°C.min-%,

3.6. Diffuse reflectance UV visible spectroscopy

Diffuse reflectance UV/Vis spectra were measured for the tin-containing
powders with a UV-vis spectrophotometer (UV-3600i Plus, Shimadzu) from A
=200 nm to A =500 nm.

3.7. Transmission electron microscopy

The particle morphology and size were investigated using transmission
electron microscopy. Two different equipment were used:

- Atransmission electron microscope FEI Tecnai F20 (FEI, Eindhoven,
The Netherlands) equipped with a field emission gun source, a 4k
CCD camera (FEI Eagle) and operated at 200 kV was used for sample
visualization (collaboration with Brno, Department of Chemistry,
Mazaryk University). STEM-EDS measurements were performed on
a FEI Titan Themis instrument with a combination of a spherical
aberration image (Cs) corrector, a monochromator system, sensitive
ChemiSTEM technology, and a high-end GATAN GIF Quantum
energy filter for EELS and EFTEM with a new enhanced piezo stage,
FEI and GATAN software, and a FEI Ceta 16-megapixel CMOS
camera. Vit Vykoukal is acknowledge for performing the TEM analysis
on this apparatus.
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- Transmission electron microscopy (TEM) was performed using a
Philips Tecnai 10 or 20 microscope operating at 80 kV. Corry Charlier
is acknowledged for his help to obtain the TEM images.

3.8. Pyridine adsorption FTIR spectroscopy

Acidity was studied by pyridine adsorption. The FTIR spectra were
recorded on a Bruker Equinox 55 spectrometer (Transmission mode),
performing 256 scans from 4000 to 500 cm- with a resolution of 4 cm™.
Catalysts were pelleted and degassed for 2 hours at 350 °C. The pyridine
adsorption was carried out at room temperature for 30 minutes. After
stabilization, the pyridine was desorbed at 150 °C for 2 hours. The FTIR
spectra of the pellet was then measured and the peak of interest integrated
with the software OPUS. The amount of Lewis acid sites was calculated based
on the following equation:

ALCq
n;, =

gm

Where n; is the number of micromoles of Lewis acid site per gram of
catalyst, A, the integrated absorbance of the ~1450 cm! peak on the FTIR
spectra (cm-1), C, the cross-sectional area of the wafer (cm?), ¢, the extinction
coefficient (= 2.22 cm.pmol1)?31 and m the mass of the wafer (g).

3.9. Gold titration

Gold dispersion was deduced from a titration experiment, with phenylethyl
mercaptan (PEM).232 Briefly, 50 mg of catalyst was contacted with 10 mL of
a 0.1 mM PEM solution in hexane. The PEM concentration was measured by
subtracting the absorbance at 258 nm to the absorbance at 273 nm of a
solution of PEM in hexane (using a UV-vis spectrophotometer, UV-3600i Plus,
Shimadzu) before and after being contacted with the catalyst. By difference,
the amount of PEM adsorbed on gold can be deduced. Dispersion is
calculated considering a stoichiometric factor of 1 PEM molecule for each Au
accessible on the surface. Gold dispersion (%) is defined as the proportion of
Au atoms present in the catalysts that are accessible to titration (i.e. surface
Au atoms).
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3.10. Solid NMR

The coordination of Sn atoms was measured by static 11°Sn Nuclear
Magnetic Resonance (NMR). The spectra were recorded at room temperature
on a Varian VNMRS-400 spectrometer operating at 9.4 T using a 5 mm
wideline probe. The sample was packed in a 5 mm glass tube and studied in
static condition. Static NMR was selected based on previous experiments.
Luca Fusaro from UNamur is acknowledged for performing the experiments.

3.11. X-Ray absorption near edge (XANES) and X-ray
adsorption fine structure (EXAFS)

X-ray absorption spectra at the Au Ls-edge were recorded on the B18
beamline at the DIAMOND synchrotron (Oxfordshire, UK). The samples, in
form of powder, was diluted with polyvinylpyrrolidone (PVP) and pressed to
form a pellet. Due to the low concentration of absorbing atom the data were
collected in fluorescence mode at room temperature, using a Si(311)
monochromator. The monochromator energy scale was calibrated using a Au,
Pd or Pt reference foil. The data of the sample were collected simultaneously
to those of the foil, placed after the fluorescent detector, measuring the
transmitted intensity via an ionization chamber. The data analysis was
performed using the ATHENA and ARTEMIS software.?3 With ATHENA, the
absorption edge, Eo, was determined, and the absorption due to the isolated
atom was subtracted, by fitting the pre-edge and post-edge regions, to obtain
the EXAFS interference functions, x(k), and the normalized XANES spectra.
The Fourier Transforms of the EXAFS interference functions were corrected
for phase shift, using the phase shifts calculated using ARTEMIS.

4. Catalytic testing

The catalytic tests are described in each chapter of the thesis. In order to
evaluate the catalytic performance of each material, the catalytic results are
expressed in terms of conversion, selectivity and yield as follow:

(nyp —ny)

Conversion(%) = —— x 100
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Where n;, is the initial molar concentration of reactant i and n; the molar
concentration of reactant at a given reaction time.

n'
Selectivity (%) = ﬁx 100
o — My

Where n; is the molar concentration of the product of interest formed at a given
reaction time, n;, is the initial molar concentration of reactant “i” and n; the
molar concentration of reactant at a given reaction time.

. n;
Yield (%) = o

i0
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CHAPTER 1.
Colloidal route to support gold on silica

Abstract

In recent years, supported gold catalysts have gained prominence in
heterogeneous catalysis for their efficacy in selective oxidation reactions.
Precise control of gold particle formation (<5 nm) is crucial for catalytic activity.
Among the possible catalyst silica shows attractive features such as a high
stability, a tunable porosity and surface. However, gold usually form large
nanoparticles poorly dispersed on silica due to its low affinity between with the
silica surface. Here, we report the synthesis of mesoporous gold-silica
catalysts using a two-steps one-pot synthesis route based on the synthesis of
colloidal gold with a controlled size (~ 2 nm) and their incorporation in the
aerosol-assisted sol-gel process. Three different ligands were tested
(oleylamine, TBASCN and MPTMS) to stabilize the gold nanoparticles. The
MPTMS was incorporated first in the synthesis of silica and then used as an
anchoring point for the impregnation of gold NPs in a second step. We show
that the presence of the different ligands was not sufficient to protect the gold
nanoparticles from sintering during the aerosol, reaching a diameter of ~10
nm. Further thermal treatment to remove the surfactant increased even more
their size to ~15 nm, indicating a poor thermal stability. TEM and XPS
analyses showed a rather inhomogeneous dispersion of the nanoparticles in
the silica microspheres. These results lead to materials that are poorly
catalytic active in the glycerol oxidation to DHA. On the other hand, we
demonstrated that introducing MPTMS as a silica precursor (and therefore
thiol functions anchoring points), the gold nanoparticles showed a high
resistance toward sintering, with a diameter of 3 nm after calcination, a better
dispersion in the microspheres and therefore, improved catalytic performance
(Xaly= 24 % Spra = 60%).

This work was performed in collaboration with Dr. Guillaume Gouget
(Rennes Institute of Chemical Sciences, France), in the framework of a short
research stay he did in our group. Guillaume Gouget was mostly in charge of
preparing the stabilized gold colloids with the different ligands.
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1.1. Introduction

In recent years, the synthesis of metal nanoparticles has gained
considerable attention due to their unique physical and chemical properties,
making them highly promising materials for various applications, particularly
in catalysis. Among the various metal nanoparticles, gold nanoparticles
(AuNPs) have gained significant interest owing to their exceptional catalytic
performance and tunable reactivity.?3* The fine control of the size and
morphology of the gold nanoparticles is a key parameter in order to obtain
catalysts with a high level of catalytic activity.119.235

Colloidal gold synthesis (AuNPs) has emerged as a versatile technique to
precisely engineer nanoparticle size, shape, and surface properties. The
ability to control these parameters is of great importance, as they significantly
influence the catalytic activity, selectivity, and stability of AuNPs. Colloidal
particles are more commonly synthesized by chemical reduction,?3¢ but other
technigues such as UV irradiation,?®”  sonochemical®®  and
sonoelectrochemical?®® methods exist. The synthesis of colloidal gold by
chemical reduction typically is based on two major elements: (i) the reduction
of the gold ion (Au3*to Au®) by a reducing agent and (ii) the stabilization of the
gold nanoparticles using ligands to avoid their aggregation.240

While colloidal gold nanoparticles are renowned for their catalytic activity,
they are accompanied with certain drawbacks, including a relatively limited
stability (depending on the pH and the ionic strength of the medium)?24! and
limitations in terms of both handling and reusability. To overcome these
drawbacks, immobilizing colloidal gold nanoparticles on a support to form
stable heterogeneous catalysts easily recoverable should be favored.?42243 As
mentioned in the introduction, silica is a cheap, with an easily tunable porosity
and surface, relatively inert to allow to study the size effect of the metal
nanoparticles.®® However, to avoid gold nanoparticles sintering, the
interactions between the colloidal gold and the support surface should be
ameliorated. In this perspective, leveraging the nature of the ligand used to
stabilize the colloidal gold to also improve their interactions with the silica
surface is highly relevant.

Colloidal gold nanoparticles are usually immobilized on a pre-formed
support. Such process relies on multi-steps time-consuming procedure poorly
attractive from industrial point of view. Taking a side step, we propose a to
synthesize silica-supported gold nanoparticles supported on silica in one-pot
via the aerosol-assisted sol-gel process. The aerosol method offers several
advantages (see section 4 of the Introduction) and is expected to lead to a
uniform distribution of nanoparticles on or possibly in the silica matrix. Such
strategy was already investigated by Kan et al. In their work, they show that
adding pre-formed Au nanopatrticles in the aerosol feed allowed embedding
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small gold nanoparticles in an alumina or ceria support.??> The resulting
catalysts displayed slightly larger metal nanoparticles displaying a diameter of
5 nm and were active in the hydrogenation of 4-nitrophennol.

In this context, this first chapter aims to explore a “two steps — one-pot”
route combining the synthesis of colloidal gold with a targeted size (< 5 nm)
and its incorporation in the aerosol process to synthesize Au@SiO: catalysts.
A particular focus is placed on optimizing the affinity between the stabilized
gold nanoparticles and the silica to achieve the higher gold dispersion and the
best catalytic performance for the glycerol oxidation to DHA. More precisely,
we investigated the influence of various ligands on the resulting AuNP size,
distribution, and stability in the final material.

1.2. Experimental section

The reader is directed to the EXPERIMENTAL SECTION (p. 54-59) for
general procedures of characterization. Here, only the methods specifically
implemented in this chapter are presented.

1.2.1. Catalyst preparation
Gold nanoparticles (AuNPs) synthesis

The gold nanoparticles were synthesized following a protocol from the
literature to obtain 2 nm gold nanopatrticles.?*4 The gold precursor solution was
obtained by mixing 10 mL of tetralin, 10 mL of oleylamine (OAm) and 0.1 g of
HAuCls-3H20 at room temperature. The solution was put under N2 flow and
stirred for 10 minutes at 38°C. A reducing solution made of 0.5 mmol of TBAB,
1 mL of OAm and 1 mL of tetralin was mixed by sonication and injected into
the precursor solution. The reduction was instantaneously initiated and the
orange precursor solution turned to purple within 5 seconds. The mixture was
stirred for 1 hour at 38°C and then, 60 mL of acetone was added to induce the
precipitation of the gold nanoparticles (Au NPs). The gold nanopatrticles were
collected by centrifugation (8500 rpm, 5 minutes) and washed with acetone.
The AuNPs were then dispersed in hexane and kept under stirring for further
use. The nanoparticles obtained consist of gold nanoparticles stabilized by
OAm ligands. Before using the AuNPs, the solvent in which they are dispersed
is exchanged by centrifugation and redispersion of the AuNPs, with chloroform
to ensure a better stability over time.

67



Ligand exchange

One other ligand was investigated to stabilize the gold nanoparticles pre-
formed: TBASCN. The ligand exchange was performed following a protocol
from the literature.?*> In a typical ligand exchange, the amount of gold
nanoparticles desired was dispersed in 1 mL of hexane. Then, 0.5 mL of the
ligand solution (130 mM) in acetone was added to the AuNPs solution and
stirred for 1 minute. The flocculation of the gold particles is quickly observable
and they are recovered by centrifugation (8500 rpm, 1 minute). 1 mL of
acetone is added and the solution is stirred for another minute. The AuNPs
are separated from the supernatant by centrifugation (8500 rpm, 1 minute). 1
mL of chloroform is added to the pellet and the mixture was stirred until the
particles were fully dispersed.

Incorporation of gold NPs into silica via aerosol

The protocol followed for the synthesis of the gold catalysts of this chapter
followed a protocol already developed by our group.213217 Briefly, two solutions
were prepared consisting of 20 g aqueous HCI (0.01 M) and 12 g TEOS
(solution A) and 45 g absolute ethanol, 8 g deionized water and 3.88 g F127
(Solution B). The two solutions were kept stirring overnight. Solution A was
added to solution B and stirred for another 30 minutes. The AuNPs colloidal
suspension was then added dropwise to the mixture of solution A+B right
before the aerosol processing. The amount of suspension is controlled to
obtain a 1 wt.% loading in the final calcined material. A preliminary test was
performed to ensure the stability of the resulting mixture. The sol was stable
for 1 hour before becoming very viscous with a heterogeneous composition.
The mixture was atomized with a 6-Jet 9306A atomizer from TSI (operating at
30 psi) and the droplets formed were dried by passing through a tubular quartz
tube heated at 350 °C. The powder was recovered on a cellulose nitrate filter
(pore size: 0.45 um). The resulting sample was calcined under static air at
550°C for 6 h (1°C/min) and is here denoted Au-x@SiO; where X’ is the
nature of the ligand (Figure 1.1).
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Ligand used :
H“C“/\/\‘/\/:\/\/\/\/\NH,
Oleylamine — Au-OLA@SiO2
CHz
HyC™ "Nt _~__CHy

H,C _
N SCN

TBASCN — Au-TBASCN@SiO2
il;)CIHE
HS/\/—§I—OCH3
OCH3

MPTMS —  Au-MPTMS@SiO2

Figure 1.1. Structure of the ligands used in this chapter and notation of the
resulting material.

For the second aerosol strategy of synthesis tested in this chapter, (3-
Mercaptopropyl)trimethoxysilane (MPTMS) was added at different stages of
the aerosol synthesis: (i) in solution A, so that the MPTMS is hydrolyzed
overnight with the TEOS (95 mol.% TEOS + 5 mol.% MPTMS) or (ii) in the
AuNPs solution (0.53 g) before its addition to the mixture A+B. The amount of
gold is controlled to obtain a 1 wt.% loading in the final calcined material. The
resulting sample was calcined under static air at 550°C for 6 h (1°C/min) and
is here denoted Au-MPTMShydrolyzeda@SiO2 when MPTMS is hydrolyzed in
solution A overnight or AU-MPTMS)igand @SiO2 when the MPTMS is added in
the AuNPs solution.

1.2.2. Catalytic oxidation of glycerol

Catalytic tests were performed in a 160 mL Parr stainless steel autoclave
reactor equipped with a Teflon liner and a magnetic stirrer. A solution of
glycerol in methanol (0.25 M, 20 mL) was loaded with 68 mg of dodecane
(used as GC internal standard) and 200 mg of Au-based catalyst. The reaction
was performed under 30 bar of air (used as oxidant) under vigorous stirring at
140°C. After 4 hours, the reactor was cooled down in a cold bath and the
reaction mixture was centrifuged to separate the catalyst. The supernatant
was analyzed by gas chromatography (Scion Instruments 456-GC) equipped
with a Restek Stabilwax column (30-meter length, 0.53 mm ID, 0.25 um ds)
and a FID detector.
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1.3. Results and discussion

In this first chapter, we explored a first synthesis strategy to synthesize
gold nanoparticles supported on silica, leveraging on a two steps procedure.

In a first step, the AUNPs were synthesized as a colloidal suspension of
gold nanoparticles using a protocol found in the literature.?** The use of a
ligand is crucial during the synthesis to control the size distribution of the
nanoparticles and prevent their sintering.24¢ The AuNPs were first synthesized
using OAm as a ligand. In a typical procedure, the gold precursor
(HAuUCl4-3H20) was mixed with OAm, before adding TBAB to reduce the gold
and induce the formation of the gold nanoparticle. Their diameter was
measured by TEM and reached the value ranging from 2 to 3 nm (Figure 1.2).
This is consistent with what was expected following the synthesis protocol
used.?#4
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Figure 1.2. TEM images of AuNPs-OAm solution with the particle size
distribution of the AuNPs. The sample was prepared on a carbon coated
copper grid. The particle size distribution was calculated on 200 nanopatrticles.
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As the stability of the gold nanoparticles and their interactions with the silica
support might depend on the ligand used, two different ligands were
investigated: the oleylamine (OAm) and tetrabutylammonium thiocyanate
(TBASCN). In a second step, the resulting AuNPs solution was added to the
feed of the aerosol process (containing the silica precursor — TEOS — and the
surfactant — F127) to synthesize in one-pot the gold catalysts (Figure 1.3). The
precursors solutions are processed (dried) at 350°C and the resulting
materials are calcined at 550°C for 6 hours to remove the surfactant and
release the porosity. The catalysts are denoted as Au-x@SiO2 where “x” is
the ligand used during the aerosol synthesis (Au-OAM@SiO, or Au-
TBASCN@SiO»)

Owing to the excellent affinity between thiol functions and gold atoms
reported in the literature,?32247-250 e decided to also investigate the use of a
thiolated silica precursor ((3-Mercaptopropyl)trimethoxysilane (MPTMS)) in
the synthesis, first as a ligand to stabilize the gold nanoparticles (Au-
MPTMS)igana@SiO2), and then as a silica precursor (95 mol.% TEOS and 5
mol.% MPTMS) to possibly serve as an anchoring point for the gold
nanoparticles (stabilized with OAm) at the silica surface (Au-
MPTMShydrolyzed@SiO2). Indeed, numerous researches have reported
enhanced stability and affinity of the gold nanoparticles after the
functionalization of the silica surface using MPTMS prior the gold
deposition.251-253

1. Synthesis of the gold nanoparticles

Sy
th + \ Reduction '_}///\\¢ Ligand exchange .
Sa
HAuCl, 0Am AUNPs-OAm | TBASCN  mprms  AUNPs-
«3H,0 ligand

2. One-pot synthesis of gold nanoparticles supported on silica

@ Silica precursor (TEOS! )
" Surfactant (F127)

¥:Gold nanoparticle (Au 1% (w/w))

Oven

Atomizer | 5 00

> —
Gasinlet || ° .
350°C 0./ — Calcination ,&.v L
AuNp@SiO2
Feed

Figure 1.3. Scheme of the two steps synthesis of the gold catalysts. The
ligand exchange step is not always used as well as the addition of MPTMS as
a silica precursor, which is why they are underlined in grey.
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The textural properties of the silica-supported gold materials were
investigated by Nz-physisorption (Figure 1.4). A pristine mesoporous silica
was also synthesized by aerosol without gold, and used as a benchmark. All
the materials exhibited a type IV isotherm with a clear hysteresis characteristic
for pores with an ink bottle shape (Figure 1.4 A) and a narrow pore size
distribution around 8-10 nm (Figure 1.4 B). The addition of the different
AuNPs-ligand did not have an impact on the shape of the isotherms, the pore
size distribution, or the pore volume, although an increase of the BET surface
area is observed when compared to the pure SiO; (Table 1.1). In the particular
case of Au-TBASCN@SIiO, a higher increase of the surface is observed.
Similarly, the micropore volume was also increased in this sample, while it
remained constant for the other samples. This could be attributed to a
particular interaction of the AUNPs-TBASCN incorporated in the synthesis and
the surfactant (F127). The catastrophic desorption observed at p/po ~ 0.45 in
each sample was caused by the tensile strength effect (TSE) phenomenon.
The hysteresis loss actually arises from the instability of the hemispherical
meniscus when capillary evaporation occurs within pores having diameters
less than approximately 4.0 nm.25* The presence of ‘forced closure' in the
isotherm shape might indicate the existence of pores with diameters smaller
than 4.0 nm. This could further lead to diffusion limitations during catalytic
testing and furthermore affect the selectivity of the reaction.
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Figure 1.4. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of pristine SiO2 (e), Au-OAM@SiO; (¢), Au-
TBASCN@SIO; (), AUu-MPTMS)igand @SiO2 (o) and Au-
MPTMShydrolyzea @SiO2 (e). (B) BJH pore size distribution analysis obtained
from the adsorption isotherm.

The size of the gold nanocrystallites in the different materials were

measured by XRD applying the Scherrer equation on the 26 = 38° peak. The
size was measured after spray drying (on the fresh catalyst) to primary study
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the impact of the aerosol on the aggregation of the NPs and after calcination
to further monitor the impact of thermal treatment.

Table 1.1. Textural properties of silica and the AUNPs@SiO: catalysts

BET BJH Pore Micropore
surface  adsorption  volume volume
(m2.g1)  pore size (cm3.g?l)  (cm3.g?)

(nm)
SiO2 400 6 0.6 0.05
Au-OAm@SiO2 490 8 0.5 0.11
Au-TBASCN@SiO2 620 8 0.7 0.14
Au-M PTMS“gand@SiO2 510 8 0.6 0.08
Au-MPTMS @Sio 500 7 0.6 0.11
hydrolyzed 2

The diffractograms of the different samples are displayed in Figure 1.5.
The broad peak observed at 26~22° corresponds to the diffuse scattering of
the amorphous silica.?’> Except in Au-MPTMShydrolyzea @SiO2, the sharp
peaks of metallic gold are observable in each samples, confirming the
incorporation of the gold nanopatrticles in the silica during the synthesis. In
those samples, the aerosol synthesis actually leads to the severe aggregation
of the AuNPs, which are shown to grow from 2 nm in the as-prepared gold
NPs colloidal suspension to ~10 nm in the freshly prepared catalyst (Table
1.2). The Tammann temperature — defined as the temperature at which atoms
in the bulk of a solid can diffuse to the surface — for gold is estimated at
396°C.2%6 When the size of gold nanoparticles is reduced to less than 10 nm,
their melting temperature decreases, leading to a lower Tammann
temperature. For instance, a 2 nm diameter gold nanoparticle has a melting
temperature of 327°C, indicating an approximate Tammann temperature of
around 150°C.257 This explains the quick sintering of the ~3nm nanoparticles
in the aerosol synthesis (performed at 350°C).

The calcination further increased the size of the gold nanoparticles, most
probably due to a combination of the high mobility of the gold nanoparticles at
high temperature and the complete decomposition of the ligand and therefore
the loss of stabilization of the gold nanoparticles. As mentioned in the
introduction (1.3.3. Influence of the support) the gold nanoparticles have a
very low affinity with the silica surface, favoring their sintering. Actually, the
metal-metal bond between the gold nanopatrticles are much stronger than the
metal-hydrogen bonds to the substrate (2.87 eV vs. 0.1 eV). However, the
sintering caused by the calcination was slightly lowered when using MPTMS
as a ligand, suggesting that the thiol function is a better stabilizer — i.e. is
possibly more resistant toward calcination — than the others.
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When the MPTMS was hydrolyzed overnight with the silica precursors and
the gold NPs only added to the mixture right before the aerosol processing,
only a small broad peak of metallic gold at 26~38° was observable by XRD,
even after calcination at high temperature. The size of the nanocrystallites in
this material was maintained at ~3 nm after calcination, which is very close to
the size of the AuNPs suspension. It is believed that the hydrolyzed MPTMS
plays two roles in this material: (i) a ligand that stabilize the gold during the
aerosol processing and (i) an anchoring point at the silica surface. This latter
is very interesting, as it appears to prevent the phenomenon of sintering during
calcination observed for the other materials. We conclude that the thiol
function increases the metal-support bond and hinder the mobility of Au NPs.
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Figure 1.5. X-ray diffractograms highlighting the metallic gold peaks of (A)
Au-OAM@SIiO», (B) Au-TBASCN@SIO, (C) Au-MPTMSiigana @SiO> and (D)
AU-MPTMShydrolyzed@SiO2. The light color corresponds to fresh catalysts
while the darker one corresponds to the calcined material. The different facets
of metallic gold are shown on the diffractograms.
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Table 1.2. Crystallites size and surface content of the gold nanopatrticles in
the aerosol samples and catalytic activity.

AuNPs AuNPs Surface  Glycerol

size size Au conversion
fresh calcined  content? (%)
catalyst®  catalyst? (wt.%)
(nm) (nm)
Au—OAm@SiO2 10.6 14.6 0 0
Au—TBASCN@SiO2 9.9 14.8 0 0
Au-MPTMS"gand@SiO2 9.6 11.1 0.3 0
Au-MPTMS @SiO / ~3 0.2 24
hydrolyzed 2

aThe size was measured with the Scherrer equation on the 26 = 38°.
b Measured by XPS.

X-Ray photoelectron spectroscopy was also performed to check the
surface composition of the gold catalysts. Only Si, C, O and Au were detected
in each sample with no remaining traces of the ligands. Surprisingly, for all
samples without MPTMS (ligand or hydrolyzed), no trace of gold was detected
at their surface (Figure 1.6, Table 1.2). This indicates that the gold
nanoparticles are mostly buried inside the silica microspheres during the
aerosol process rather than at their surface. It can also hint at a poor
dispersion of gold. On samples prepared in the presence of MPTMS, gold was
detected at their surface, but in very low amount (< 1%) (Figure 1.6, Table
1.2).

Intensity (-)

e N

96 94 92 90 88 86 84 82 80 78 76
Binding Energy (eV)

Figure 1.6. XPS spectra from top to bottom: Au-OAm@SiO, (e), Au-
TBASCN@S'OZ ( ), AU'MPTMShydrolyzed@Sioz (.) and AU'
MPTMSHgand@SiOZ(.).
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While synthesizing the catalyst, the pre-formed gold nanoparticles had the
tendency to block the aerosol atomizer, likely due to their aggregation in the
aerosol feed. Indeed, a clear change of color of the aerosol solution was
observable when removing the solution after ~1 hour of synthesis (from red to
blue/purple). As a consequence, the synthesis yielded only a limited amount
of catalyst. Unfortunately, due to this low yield, it was not possible to perform
ICP analysis to determine the elemental composition. Despite being unable to
fully confirm the complete incorporation of pre-formed AuNPs in the final
material, the presence of gold peaks in XRD and XPS results (especially for
MPTMS containing materials) indicates that at least part of it is incorporated
in the materials.

Transmission electron microscopy was employed to gain a deeper insight
into the catalyst's morphology. The analysis focused on the samples: Au-
OAm @S'OZ, AU'MPTMSUgand@S'OZ and AU'MPTMShydrolyzed@Sioz (F|gure
1.7). In the case of Au-OAM@SiO, and Au-MPTMSigana@SiO2, the images
revealed the presence of large gold nanoparticles unevenly dispersed within
the microspheres. On Au-MPTMSigand @SIiOy, it was evidenced that some of
the gold nanoparticles were located on the surface of the microspheres. These
results are in good agreement with XRD and XPS results previously
discussed. Interestingly, the bottom image of Au-MPTMSLigana Clearly shows
the accumulation of gold nanoparticles in one unique microsphere. We reckon
some aerosol droplets are loaded with gold NPs while some others are
actually gold free at the moment of the droplet formation. This underlines the
lack of homogeneity of the precursor solution during the synthesis of gold-
silica material when utilizing pre-formed gold nanoparticles in the aerosol
process. It is presumably due to a tendency of the Au NPs to aggregate,
despite the presence of stabilizing ligands. However, when MPTMS was
hydrolyzed, in Au-MPTMShydrolyzeda@SiO2, only small nanoparticles were
observed, highlighting the successful stabilization of the gold nanoparticles.

77



Au-OAM@SiO,

Au-MPTMS, 5 @S0,

AU-MPTMSyr0y7ea@SiO2

Figure 1.7. TEM images of Au-OAM@SiOz, AuU-MPTMS)igana@SiO>
(measured with a FEI Tecnai F20) and Au-MPTM Shydrolyzed @SiO2 (measured
with a Phillips Tecnai 20). Red arrows show small Au NPs.

78



The catalysts were tested in the catalytic oxidation of glycerol to
dihydroxyacetone. The reaction was carried out at 140°C, under 30 bar or air
(used as the oxidant) for 4 hours. Except for Au-MPTMShydrolyzed @SiO2, NO
catalytic activity was observed. This is attributed to (i) the absence of gold at
the surface of the microsphere and (ii) the presence of large nanoparticles (>
10 nm), known to be poorly active in catalysis. On the other hand, when
MPTMS was used as a silica precursor (and therefore hydrolyzed before the
addition of Au NPs and aerosol processing) small nanoparticles were
obtained, leading to a catalytically active material in the oxidation of glycerol
to DHA. The glycerol conversion reached 24% with a good DHA selectivity of
60% after 4 hours (Yona = 14%) (Table 1.2). While the glycerol conversion
showed a moderate level, the selectivity towards DHA was quite good.
Unfortunately, these results could not be compared to others in the literature
due to the fact that under base-free conditions, the glycerol oxidation always
performed in water. No leaching of gold nanoparticles was detected during the
reaction.

1.4. Conclusion

In this first chapter, we proposed a two-steps strategy to obtain gold
nanoparticles embedded in mesoporous silica. Leveraging on a colloidal
synthesis route, gold nanoparticles with diameter of ~2 nm were synthesized
and were incorporated in the aerosol-assisted sol-gel process to obtain gold-
silica catalyst. Different ligands were tested to study their effect on the stability
of the pre-formed gold nanoparticles. Despite the different nature of the
ligands tested, the coalescence of the gold nanoparticles during the aerosol
processing could not be avoided, resulting in nanoparticles diameter above
10 nm, buried in the silica microspheres and therefore not available or not
active in catalysis. The challenges of working with gold nanoparticles and
silica arise from the difficulty of stabilizing gold at the silica, often leading to
sintering, particularly at high temperatures, due to the high mobility of the gold
nanoparticles on the silica surface. On the other hand, interestingly, the direct
stabilization of gold nanopatrticles could be demonstrated when MTPMS was
used as an anchoring point (i.e. replacing a small fraction of TEOS, as a silica
precursor). The resulting catalyst displayed small nanoparticles (~ 3 nm) with
a high resistance toward sintering, homogeneously dispersed throughout the
silica microspheres and displaying some catalytic activity in the oxidation of
glycerol to DHA (Xely= 24 % Spna = 60%). The results obtained in the first
chapter — in particular this beneficial effect of the thiolated alkoxide precursor
— provide valuable information for the next stages of this work, as we further
exploit the aerosol-assisted sol-gel process to prepare highly active gold-silica
catalysts.
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CHAPTER 2.

Airborne preparation of small gold
nanoparticles dispersed on mesoporous silica
for the catalytic oxidation of glycerol to
dihydroxyacetone

Abstract

Supported gold nanoparticles play a fundamental role in modern material
science, and particularly in heterogeneous catalysis. Such catalysts are
known to be excellent catalysts, not only for the total oxidation of various
pollutants (CO, VOCs), but also for the selective oxidation of bio-based
platform molecule (such as glycerol) to added-value chemicals
(dihydroxyacetone, glyceric and glycolic acid). However, as it was illustrated
in the first chapter, controlling their fine dispersion however remains a
challenge, especially when using silica supports. We report in this second
chapter a simple one-pot aerosol route to mesoporous Au-SiO2 catalysts
featuring small gold nanoparticles (~3 nm). To achieve this, we rely on the
strong interactions between gold and the thiol function of a mercapto-silane
demonstrated previously. The addition of this gold-stabilizer during synthesis
enhances the stability of the gold precursor and is the key to control the
formation of small gold nanoparticles. The dispersion of gold in the material
reaches 21 % (compared to 3 % without the stabilizer). The selective oxidation
of glycerol to dihydroxyacetone was employed as a test reaction, of
importance in the context of sustainable chemistry. The highly dispersed
catalyst obtained via gold stabilization outcompetes benchmark catalysts,
reaching a glycerol conversion of 59 % after 8 hours (vs. 5 % without
stabilization). Finally, we show that such new synthesis strategy can be
extended to other metal.

The results presented in this chapter were published in

Airborne preparation of small gold nanoparticles dispersed
on mesoporous silica, Margot Van der Verren, Vit Vykoukal,
Ales Styskalik, Ali Shan Malik, Carmela Aprile, Damien P.
Debecker*, ACS Applied Nano Materials, 5 (2022) 18977-
18985.
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2.1. Introduction

Owing to their unique optical, physical, and chemical properties gold
nanoparticles are ubiquitous in many fields of nanotechnology, such as
sensing, labelling, imaging, (photo)thermal therapy, and catalysis.?®* In
heterogeneous catalysis gold nanoparticles are known to be highly efficient
for the total oxidation of various pollutants (CO, VOCs).258-260 Supported gold
nanoparticles are also attractive in biorefining scenarios for the selective
oxidation of bio-based platform molecules to obtain added-value chemicals
such as the selective oxidation of glycerol to value-added compounds
(dihydroxyacetone, glyceric and glycolic acid).5°261.262 Unlike Pd and Pt, gold
is highly resistant against oxygen poisoning, allowing to perform oxidation
reactions with higher efficiency under higher Oz pressure.?53 As explained in
the introduction, catalysis on gold, is strongly structure-sensitive,'1°® so that
gold particles formation should be finely controlled; in general their size should
remain below 5 nm.235 Supporting gold on various materials — TiO2, CuO,
ZrOz2, SiO2, NiO — can be considered to obtain gold nanoparticles effectively
dispersed. 118

SiO2 is a versatile and cheap support material showing a high stability and
a tunable texture. These properties makes it an attractive support for
catalysis.®® However, silica is also one of the most challenging support to
combine with gold nanopatrticles. Owing to the poor affinity of gold for the silica
surface, conventional methods of synthesis — such as impregnation or
deposition-precipitation method — often lead to gold particle size above 20
nm.1%4 To improve the affinity between the silica surface and gold, silica can
be modified with an organic linker.264-266 Although it allows a better control on
the sintering of the gold nanoparticles, diameters still remains above 10 nm.
Alternative routes to small and dispersed gold nanoparticles include
microwave induced synthesis,?67:268 physical vapor deposition technique (such
as magnetron sputtering),?6® and sonochemical approaches.?’® Although
small gold nanoparticles can be obtained, such synthesis routes are generally
time- and resource-consuming due to their multi-steps approach which makes
them less attractive for industrial applications. Moreover, once formed, gold
nanoparticles tend to aggregate (due to their high mobility on silica) when
exposed to harsh reaction conditions, leading to the deactivation of the
catalyst.24?

To overcome these issues, one-pot sol-gel syntheses of gold nanoparticles
embedded in mesoporous silica were developed by few groups.126:271-273
These syntheses are based on the direct addition of the gold precursors in a
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mix of the pre-hydrolyzed silica precursors and a templating agent followed by
the aging of the gel and its calcination. The materials exhibit small gold
nanoparticles (~ 2—4 nm) very resistant to sintering thanks to their entrapment
either in the pores or in the walls of the silica framework. However, it is unclear
what fraction of gold is catalytically accessible in these materials and part of it
might be trapped in the silica matrix.

Continuous aerosol processes are also primed to solve such synthesis
challenges, as they involve a very limited number of preparation steps and
allow producing various kinds of advanced heterogeneous catalysts with a
fine control of the catalyst particle shape, size, surface chemistry and textural
properties.?!! In particular, the aerosol-assisted sol-gel (AASG) process led to
a variety of mesostructured oxides and mixed oxides successfully employed
as catalysts or catalyst supports.?13-216 |n this method, a solution of reactive
precursors is atomized (possibly in the presence of sacrificial pore-generating
agents) in the form of small droplets which undergo a rapid reactive drying.
Mesoporous silica particles obtained by AASG have already been used as
supports for Au nanoparticles incorporated in a second step by deposition-
precipitation.??! However, gold tended to form large nanoparticles blocking the
pores of the silica.

In this second chapter, we disclose a modified aerosol process which gives
access to highly dispersed gold on mesoporous silica, in one-step and with a
fine control on the gold particle size, thereby boosting their catalytic
performance. Such modified aerosol process was then extended to other
metals to further investigate its potential interest in supported nanoparticles
synthesis.

2.2. Experimental section

The reader is directed to the EXPERIMENTAL SECTION (p. 54-59) for
general procedures of characterization. Here, only the methods specifically
implemented in this chapter are presented.
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2.2.1. Catalysts preparation
Synthesis by deposition-precipitation

A first reference catalyst was prepared by the method of deposition-
precipitation with urea (DP urea) described elsewhere.116.120 Briefly, a solution
of HAuCls was prepared by dissolving a determined amount of HAuCls-3H20
(final loading = 1 %) in 100 mL of deionized water. Urea was then added to
this solution to reach a concentration 100 times higher than the one of HAuCla.
1 g of mesoporous silica support synthesized by aerosol (see section next
paragraph) was then added to the mixture and the suspension was stirred and
heated at 80°C in a closed vessel protected from light for 16 h. The solid was
recovered by centrifugation, washed several times with deionized water and
dried under vacuum at 25°C for 2 h. The solid was calcined in flowing air (50
mL min~") at 300 °C for 4 h (2 °C min~! from 50 °C to 300 °C). The resulting
sample is denoted Au/SiO; DP.

Synthesis by AASG

Typically, solution A was prepared by mixing 11.38 g TEOS and 0.58 g
MPTMS with 20 g of acidified water (HCI, 0.01M). In a second vessel, 3.88 g
of Pluronic F127 was dissolved in 45 g of absolute ethanol and 8 g of
deionized water. The two solutions were kept overnight under stirring at room
temperature. Then, chloroauric acid trihydrate (HAuCl4-3H20) was added to
solution A in order to have a nominal gold loading of 1 wt.% in the final Au-
SiO2 catalyst. The resulting solution was stirred for 10 minutes and afterward
added to solution B and stirred for 30 minutes. The mixture was atomized with
a 6-Jet 9306A atomizer from TSI (operating at 30 psi) and the droplets formed
were dried by passing through a tubular quartz tube heated at 350 °C. The
powder was recovered on a cellulose nitrate filter (pore size: 0.45 pm) and
then dried at 80 °C overnight. The powders were calcined under static air
during 6 h at temperature ranging from 350 to 750 °C. Those samples are
denoted AuSiO2-MPTMS-x, where ‘X’ is the calcination temperature. The
synthesis was also performed with 100 % of TEOS and in the absence of
MPTMS following the exact same protocol. Those samples are then denoted
AuSiO»-x, where ‘X’ is the calcination temperature. The synthesis without the
addition of gold and MPTMS results in a simple silica support calcined under
static air at 550°C for 6 h (1 °C min—1) and is here denoted SiO; (used as the
support for the synthesis of Au/SiO,-DP, see previous paragraph).
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The strategy was afterward extended to other noble metals (Pd and Pt)
using their respective precursors (PdCl2 and (NH4)2PtCls and an equimolar
mixture of PdCl2 and HAuCls+-3H20) in the aerosol process exactly as
described for gold, also targeting a theoretical loading of 1 wt.%. The same
conditions were used during the synthesis and the calcination.

2.2.2. Catalytic oxidation of glycerol

A solution of glycerol in methanol (0.25 M, 20 mL) was loaded with 68 mg
of dodecane (used as GC internal standard) and 200 mg of Au-based catalyst.
The reaction was performed under 30 bar of air (used as oxidant) under
vigorous stirring at 140°C. After a desired time, the reactor was cooled down
in a cold bath and the reaction mixture was centrifuged to separate the
catalyst. Reusability test conditions were performed keeping a GLY/Catalyst
(w/w ratio) = 4.6 during the different cycles. The reaction was stopped after
3.5 h. After each cycle, the catalyst was recovered by centrifugation, washed
with methanol three times, dried overnight at 40°C under vacuum and calcined
at 450°C (1°C/min) under flowing air (100 mL/min) for 1 hour. The leaching
test was performed under the same reaction conditions. After 1h, the catalyst
was recovered by centrifugation and the supernatant was then allowed to
react 7 h. The glycerol conversion was evaluated by GC after removing the
catalyst (1h) and at the end of the test (8h).

2.3. Results and Discussions

2.3.1. The gold catalysts

The aerosol process relies on the rapid evaporation of a volatile solvent
from a liquid mixture to produce dry powders. Briefly, the reactive medium
containing the different precursors (here, silicon and gold precursors) and the
templating agent (here, Pluronic F127) is atomized into small droplets. Each
droplet has the same composition. The aerosol droplets are then dried by
passing through a heated zone where the solvent evaporates, the surfactant
self-assembles into micelles, and inorganic precursors undergo
polycondensation reactions to form an oxide matrix. Finally, the dried particles
are recovered on a filter and calcined to eliminate the surfactant and create
the porosity.21!
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Here, as a reference, a pristine mesoporous silica support was first
prepared by AASG (see textural properties in Table 2.1), and then loaded with
Au using a deposition-precipitation (DP) with urea.’?® The resulting catalyst
exhibits a purple color after deposition (Figure 2.1 a-b).

Figure 2.1. Photographs of the different powders synthesized in this work. a)
SiO2 support used for the deposition — precipitation of gold; b) Au/SiO, DP; c-
f) AuSiO2-x; g-m) AuSiO,-MPTMS-x. The calcination temperature of each
sample is mentioned in each image.

The gold loading was verified by ICP (1.47 wt.%, see Table 2.2). This
catalyst — denoted Au/SiO, DP — exhibited a mesoporous texture, with a
typical type-1V isotherm showing a characteristic H2 hysteresis loop (Figure
2.2 A). Its specific surface area reached 240 m2.g! with a pore volume of 0.4
cm3.gt and an average pore size of 9 nm (Table 2.1).
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Figure 2.2. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of SiO, (A) and Au/SiO, DP (e). Inserts show BJH pore
size distribution analysis obtained from the adsorption isotherms. (B) X-ray
diffractogram of SiO, and Au/SiO, DP. The broad signal at 23° is attributed to
the amorphous silica.

In agreement with the N2z-physisorption observations, TEM micrographs
(Figure 2.3) showed that Au/SiO, DP consisted of spherical SiO2 particles with
interconnected pores of ~8 nm. The spherical shape of the microspheres is
the result of the formation of the aerosol droplets from which the solvent
evaporates during the drying step. The uniform pore size comes from the
thermal removal of the structure directing agent (F-127 surfactant) which
forms uniform micelles. Gold nanoparticles are found on the microspheres
surface with a size estimated in the 10-80 nm range (estimated with TEM
measurements).
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Figure 2.3. TEM images of (A) Au/SiO, DP and (B) AuSiO,-550. These
images were measured with a FEI Tecnai F20 microscope.

XRD pattern revealed the characteristic diffractions for metallic gold
(Figure 2.2 B).2* The gold crystallites size, calculated with the Scherrer
equation applied on the 38.1° peak, reached the average value of 10 nm.
Thus, TEM and XRD results confirm the formation of relatively large gold
nanoparticles up to 80 nm resulting from the aggregation of crystallites of 10
nm outside of the silica microspheres (Figure 2.3 and 2.4). XPS analyses
confirmed the presence of metallic gold on the material surface (Au4fz:
binding energy centered at 84.1 eV, Figure 2.5).275276 The external surface
composition determined by XPS shows a relatively high Au/Si atomic ratio,
accounting for gold preferentially located at the surface of the material (Table
2.2). However, gold dispersion — as measured by titration with phenylethyl
mercaptan (PEM) — was low for Au/SiO, DP (6 %). Indeed, the poor affinity
between the silica support and the gold nanoparticles implies a high mobility
of Au (during calcination); the formation of large and poorly dispersed gold
nanoparticles was favored.

88



Table 2.1. Textural properties of the different materials synthesized

BET surface BJH adsorption Pore

(m2.g?) pore size (nm) volume

(cm3.g™)
SiO2 400 6 0.6
Au/SiO2 DP 240 9 0.4
350 460 6 0.6
AuSIiO2- 550 300 8 0.5
750 200 8 0.4
. 350 590 5 0.6
@;i:\%'_ 550 440 5 0.5
750 270 6 0.4

Table 2.2. Physicochemical properties of the different materials synthesized

Bulk Au Surface Surface Au
content atomic Au crystallite
(Wt.%)a ratio® Au/Si  content®”  size® (nm)
(%) (wt.%)
SiO2 - - - -
Au/SiO2 DP 1.47 0.56 1.8 10
350 0.21 0.63 12
AuSIO2- 550 1.02 0.18 0.53 13.7
750 0.24 0.79 13.8
AuSIO2- 350 0.04 0.11 2
MPTMS - 550 0.79 0.04 0.13 3.7
750 0.07 0.25 5.7

a Determined by ICP-OES analysis,

b Determined by XPS analysis

¢ Measured by XRD with Scherrer equation on the peak 26 = 38.1°. *
Calculated based on the surface atomic ratio of O, Si and Au. ** Theoretical
atomic ratio Au/Si = 0.32%.
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Figure 2.4. Transmission electron microscope analysis. Respectively from top
to bottom: Au/SiO, DP, AuSiO»2-550, AuSiO,-MPTMS-550; from left to right:
STEM, STEM-EDX, HAADF. These images were measured with a FEI Tecnai
F20 microscope.
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spectra of the Au4f region of the different samples
synthesized. The color of the curve for AuSiO2-x and AuSiO,-MPMTS-x
depends on the calcination temperature; 350°C (e), 550°C (¢), 750°C (e).

overcome these challenges, a one-pot aerosol synthesis
was investigated. The gold precursor (HAuCls-3H20) was directly added to
the aerosol precursors solution before atomization, resulting in a yellow
transparent solution. The as-synthesized gold-silica powder was calcined at 3
different calcination temperatures: 350, 550 or 750°C to investigate the
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formation of gold nanoparticles. The catalysts are denoted AuSiO»-x, where
X is the calcination temperature.

The obtained powders all exhibited a pink color after calcination, providing
clear evidence that metallic gold was formed (Figure 2.1).277 Solids
synthesized by this method showed type-1V isotherms with characteristic H2-
hysteresis (Figure 2.6 A). Increasing the calcination temperature caused a
gradual decrease of the BET surface area and pore volume due to the gradual
smoothening of the roughness. (Table 2.1).

ICP analyses confirmed that gold was effectively incorporated in the
material via the one-pot syntheses with an Au wt.% of 1.02 % (1 % targeted).
Similar to Au/SiO2 DP, the binding energy of Au4f7/2 for each AuSiO;-x
sample (~84 eV, Figure 2.5) is attributed to bulk metallic gold.?’5276¢ The
external Au/Si surface ratio measured by XPS was slightly lower. Importantly,
this ratio remained similar for the different calcination temperatures (Table
2.2), meaning that the calcination temperature did not affect significantly the
distribution (in the bulk or at the surface) or the dispersion (sintering) of the
gold nanoparticles. This contrasts with the case of Cu-SiO: catalysts, where
a migration of Cu towards the external surface was observed, together with a
progressive sintering, when calcination temperature was increased.??” Here,
the relatively low Au surface concentration suggests that the gold NP remain
partly trapped in the mesoporous silica matrix.
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Figure 2.6. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of AuSiOz-x. Inserts show BJH pore size distribution
analysis obtained from the adsorption isotherms. (B) X-ray diffractogram of
AuSiOz-x. The color of the curve depends on the calcination temperature;
before calcination (green), 350°C (A), 550°C (=), 750°C (e).

The gold particle size of each sample was also evaluated by X-ray
diffractometry. All catalysts obtained via this one-pot strategy featured similar
gold particles sizes, above 10 nm of diameter, independently of the calcination
temperature (Figure 2.7). Surprisingly, analyzing the freshly prepared catalyst
right after aerosol processing and before any thermal treatment, we also found
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the diffraction patterns of metallic gold crystallites (Figure 2.6 B) with a size of
about 13.7 nm of diameter.
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Figure 2.7. Crystallite diameter of AuSiO2-x (empty symbols) and AuSiO-
MPTMS-x (plain symbols) at calcination temperature ranging from 250 to
750°C. The error bar was calculated on three different batch of AuSiO,-
MPTMS-550, showing that the difference of size between the different
samples is significant.

This clearly shows that gold nanoparticles were already formed during
AASG process, most probably by the thermal decomposition of HAuCl4-3H20
in the drying furnace.?’® Lowering the aerosol processing temperature or the
gold loading did not allow us to avoid the formation of these relatively large Au
nanoparticles (Figure 2.8), indicating that their formation occurs very easily
during the aerosol processing.
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AuSiO»>-550 was selected to conduct TEM measurements and EDX
mapping. The sample consisted of microspheres of 200-300 nm with large
gold nanoparticles ranging from 10-100 nm and interconnected pores (Figure
2.3, Figure 2.9). Consistently, the dispersion measured for this sample was as
low as 4 %, owing to the formation of large particles and possibly to the partial
entrapment of gold in the silica walls.

These observations prompted us investigate a means to stabilize the gold
precursors in the silica matrix during the aerosol synthesis.279:280 |ijgands such
as (3-mercaptopropyl)-trimethoxysilane (MPTMS), a thiol based molecule, are
often used as stabilizers for the synthesis of colloidal gold particles.?8* Inspired
by this, we replaced a small fraction of TEOS by of MPTMS (5 % of the molar
content of Si) in the synthesis. MPTMS was pre-hydrolyzed together with
TEOS before adding the gold precursor so that the silicon moiety is integrated
in the silica walls. While in the absence of MPTMS the precursor solution
turned yellow after the addition of the gold precursor, in the presence of
MPTMS, a clear solution was obtained, attesting for the stabilization of the
precursor. The catalysts are denoted AuSiO,-MPTMS-x, where X is the
calcination temperature.
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Figure 2.9. TEM images (left), microsphere size distribution (middle) and gold
nanoparticles size distribution (right) of AuSiO»-550 and AuSiO,-MPTMS-
550. The microsphere size distribution was measured on 400 particles of
whole catalyst while the nanoparticle size distribution was measured on 100
gold patrticles.
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The samples consist of powders of different shades of pink depending on
the calcination temperature (Figure 2.1). The textural properties (Figure 2.10
A, Table 2.1) and microspheres size distribution (Figure 2.9) were not affected
by the addition of MPTMS in the synthesis. Similar to AuSiO-x, the porosity
tended to decrease when increasing the calcination temperature. Gold was
successfully incorporated in the AuSiO,-MPTMS sample with a Au wt.% of
0.79 %. Strikingly, however, the corresponding surface ratio (determined by
XPS) was very low (0.04 %). This is true regardless of the calcination
temperature (Table 2.2). XPS analyses showed that the Au4fz2 was shifted to
lower binding energy (~83 eV, Figure 2.5). This corresponds to surface Au
atoms and is explained by the lower coordination number of surface atoms in
small nanoparticles.?’”> This result suggests the formation of very small gold
nanoparticles in AuSiO,-MPTMS-x samples. No traces of sulfur (from
MPTMS) were detected in XPS analysis, suggesting the complete removal of
MPTMS during calcination. Indeed, TGA-MS analyses confirmed that thiol
moieties were completely decomposed at 350°C (ANNEX 1, Figure A.1.1).

Unlike the freshly prepared AuSiOy, the freshly prepared AuSiO,-MPTMS
(before calcination) did not show any gold diffraction peak (Figure 2.10 B).
Undoubtedly, the addition of MPTMS in the synthesis process prevented the
formation of large metallic gold nanoparticles during aerosol processing and
the powder of the fresh AuSiO2>-MPTMS remained white (Figure 2.1). Gold
nanoparticles formation was only induced by calcination, as small and broad
diffraction peaks were detected (Figure 2.10 B). Overall, the catalysts
prepared in the presence of MPTMS displayed small crystallites size, which
moderately increased from 2.2 nm to 5.7 nm when calcination temperature
was increased (Figure 2.7). TEM measurements on AuSiO>-MPTMS-550
confirmed the marked influence of the addition of MPTMS. Gold nanoparticles
were homogeneously dispersed in the microspheres and exhibited diameters
between 3 and 5 nm, consistent with the size of the crystallites detected in
XRD (Figure 2.4, Figure 2.9). Moreover, gold dispersion in AuSiO>-MPTMS-
550 reached 21%, which is considered as an excellent dispersion. Indeed,
based on the mathematical model proposed by Bergeret et al., 282 the
maximum dispersion possible for gold nanopatrticles of 3.7 nm is 33%. This
result, combined with XPS analyses and TEM measurements, highlighted that
gold nanoparticles were dispersed throughout the microspheres and at least
partly pointing towards the empty pores (i.e. accessible) rather than
embedded in the pore walls. We suggest that the forced entrapment of gold
in the thiol-functionalized silica microparticles not only prevented the formation
of large nanoparticles during aerosol processing, but also impeded sintering
upon calcination.
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Figure 2.10. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of AuSiO,-MPTMS-x. Inserts show BJH pore size
distribution analysis obtained from the adsorption isotherms. (B) X-ray
diffractogram of AuSiO,-MPTMS-x. The color of the curve depends on the
calcination temperature; before calcination (green), 350°C (A), 550°C
(),750°C (o).

Au/SiO; DP, AuSiO,-550 and AuSiO,-MPTMS-550 were tested in the
catalytic oxidation of glycerol to dihydroxyacetone.l% The reaction was
performed using methanol as the solvent, in a stainless-steel autoclave
reactor at 140°C under 30 bar of air for 8 hours. Poor activity was observed
for Au/SiO; DP (17% conversion and 30% selectivity, see Table 2.3)
consistent with the presence of large gold nanoparticles catalytically inert.
Glycerol conversion with AuSiO,-550 was even lower (5 %), probably
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attributable to the poor availability of the nanoparticles entrapped in the silica
walls and the rather large size of gold nanopatrticles. At such a low conversion
level, selectivity to DHA expectedly remained high (DHA is the first product of
glycerol oxidation and further oxidation does not take place, in particular on
poorly active large Au particles). On the other hand, the AuSiO,-MPTMS-550
catalysts — which featured highly dispersed gold nanoparticles below 5 nm in
the catalyst microspheres — allowed reaching much higher glycerol conversion
(59 %). The DHA yield reached 18 % in these reaction conditions, while the
other catalysts yield 5% or less. Here, the DHA that is produced in large
quantities in the early stage of the reaction can be further oxidized into other
by-products (glyceric acid, tartronic acid or oxalic acid)!4, leading to a
moderate selectivity value. Arguably, the optimization of the reaction
conditions could lead to further improvement of the DHA vyield. Alternatively,
as it will be demonstrated in the Chapter 3 of this PhD dissertation, the
coupling with the effectively-catalyzed second reaction (rearrangement of
DHA toward lactates) could be a way to sort this issue of selectivity. At this
stage, the results of this test reaction clearly showed the decisive role of
MPTMS in the preparation of an effective silica-supported gold catalyst,
whose catalytic performance is governed by the dispersion of the active metal
nanoparticles.

Table 2.3: Catalytic results of the oxidation of glycerol by Au/SiO2 DP, AuSiO2-
550 and AuSiO2-MPTMS-550

0, 0
OH
HO\/K/OH L_' HO\)K/OH
Glycerol Dihydroxyacetone
Glycerol DHA selectivity DHA Yield

conversion (%) (%) (%)

Au/SiO2 DP 17 30 5

AuSiO2-550 5 100 4
AuSiO2-MPTMS-550 59+7 307 18+2

Catalytic test condition: 140°C, parr = 30 bar, 8h, 460 mg of glycerol in 20 ml
of methanol, 200 mg catalyst. Tests were repeated three times for AuSiO2-
MPTMS-550.
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Among the AuSiO2-MPTMS-x series, AuSiO>-MPTMS-550 exhibited the
best catalytic performance (Table 2.4). Catalysts calcined at low temperature
(250-350°C) showed no activity. This can either be the results of a low
accessibility of the gold nanoparticles caused by the uncomplete
decomposition of the surfactant or the appearance of quantum size effects
associated with the very small size of the particles. The existence of an optimal
particle size was already reported with a sudden drop of activity below 2-3
nm.283.284 From 650°C, the catalytic conversion of glycerol decreases as the
gold nanoparticles size increases above 4 nm. Further catalytic experiments
were carried out with AuSiO,-MPTMS-550. The kinetic profile of the glycerol
conversion and the DHA vyield are shown in Figure 2.11 A. After 2 hours, the
DHA yield is slightly decreasing. This is attributed to the subsequent oxidation
of DHA to other products. After 4 h, the activity seems to level off, indicating a
possible catalyst deactivation. However, XRD and TEM measurements were
performed on the spent catalyst after 4 h, and indicated that the crystallite size
remained stable (3.8 nm) and the microspheres were intact (Figure 2.12).

Table 2.4. Catalytic performance of AuSiO,-MPTMS-x samples.

Glycerol DHA selectivity DHA Yield
conversion (%) (%) (%)
250 0 - -
) 350 0 - -
,G‘;?'ﬁg_ 450 12.3 585 7.2
550 16.5 55.1 9.1
650 8.3 100 8.3
750 8 89.7 7.2

Catalytic test condition: 140°C, par = 30 bar, 1h, 460 mg of glycerol in 20 ml
of methanol, 100 mg catalyst.
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Figure 2.11. (A) Kinetic study, (B) reusability tests and (C) leaching test
performed on AuSiO,-MPTMS-550. Catalytic conditions: 140°C, pair = 30 bar,
0.25 M glycerol in methanol, GLY/Catalyst ratio = 2.3 (w/w). For the reusability
test, the GLY/Catalyst = 4.6 (w/w ratio) and the tests were carried out for 3.5h.

Figure 2.12. TEM images of AuSiO>-MPTMS-550 before(A) and after (B) the
catalytic test. Small gold nanoparticles are observable even after the reaction,
showing that their size is not impacted by the reaction conditions. These
images were measured with a Phillips Tecnai 20 microscope.

Reusability tests were carried out to evaluate the occurrence of
deactivation by product adsorption. For this purpose, the reaction conditions
were adapted to target the initial rate of the reaction (see caption Figure 2.11).
After a simple procedure of washings and drying catalytic performance
dropped already after 1 cycle. A possible mechanism for the deactivation (also
observed in the kinetic study) is the adsorption of one of the by-products on
the catalyst active site. It was already reported that methyl glycerate (that can
be obtained through the oxidation of glycerol)?8®> may act as a strong chelating
agent for noble metals such as gold, directly hindering the active site of the
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glycerol conversion.?®6 Therefore, an additional regeneration step was
performed at 450°C (1°C/min, and dwell for 1 hour) under flowing air (100
mL/min). Here, the catalytic activity (conversion) of AuSiO,-MPTMS-550 was
maintained, but the selectivity was slightly lowered over each cycle (Figure
2.11 B). This can be rationalized by the fact that the regeneration procedure
induced a progressive structure change of the gold nanoparticles, which grow
from 3.7 nm for the freshly calcined catalyst to ~ 4.5 nm after the 4t cycle of
use.

A hot filtration test was performed in order to prove the catalyst stability
during the reaction (Figure 2.11 C). The glycerol conversion was evaluated
after 1 h of reaction (46% conversion) and the catalyst was removed by
centrifugation. The supernatant was allowed to further react in the absence of
the solid catalyst under the same reaction conditions for another 7 h. The final
glycerol conversion remained unchanged (47% after 8 h), showing that no
active species was leached.

2.3.2. Extending the scope of the strategy developed for gold to
other metals

As a follow-up on the work presented above (and published in 287), we
attempted to extend the one-pot aerosol synthesis route aided by MPTMS to
other metals. We targeted various metals, including transition metals such as
Ni, Co, and Cu (see ANNEX 2). In the scope of this thesis, we focus of noble
metals such as Pd and Pt as they are also active in the oxidation of glycerol.14
Different materials were synthesized, containing 1 wt.% or 2wt.% of Pd or Pt,
embedded on silica support. For each targeted composition, the synthesis
was carried out either with (5 mol.% of the Si content) or without MPTMS.
Interestingly, as it was already observed during the synthesis of the gold
catalysts, the color of the solution precursor was impacted by the presence of
MPTMS. For Pd, the solution turned from red to yellow with the addition of
MPTMS while for Pt, a clear change from yellow to orange was observed.

From a qualitative point of view, as it was already observed for gold, the
fresh samples with identical metal and loadings clearly exhibited distinct colors
depending on whether they contained MPTMS or not (Figure 2.13). This
observation indicated that MPTMS may interact with the metal precursor. The
colors observed for the fresh catalysts containing MPTMS resembled the color
of the precursor used in the aerosol, suggesting that the metal had not yet
formed nanoparticles and was still in the precursor form. Conversely, in the
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absence of MPTMS, the fresh powder displayed a color similar to that of the
calcined powders, implying the possible formation of metal nanoparticles
during the aerosol process.

Pt(1)SiO, Pt(1)sio, Pt(2)sio, Pt(2)siO, Pd(1)Si0, Pd(1)SiO,
MPTMS - MPTMS v
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Figure 2.13. Photographs of the fresh and calcined Pt and Pd catalysts with
and without MPTMS.

The textural properties (Table 2.5) of the different materials synthesized
remained overall similar to what was observed with gold (Table 2.1). The
shape of the isotherms was however impacted by the presence of the different
noble metal precursors (both for Pt and Pd) with a change in the shape of the
hysteresis loop of these materials (Pt(1)SiO2, Pt(2)SiO2 and Pd(1)SiOy)
(Figure 2.14). This was attributed to a small modification of the pore shape or
the presence of two populations of mesopores in these materials. Indeed,
although the type of hysteresis remained the same (H2 type — characteristic
for interconnected pores with bottleneck shape), the phenomena observed in
these materials was possibly caused by a broader neck width distribution,288
as confirmed by the BJH pore size distribution analysis. Interestingly, in the
presence of MPTMS, the hysteresis loop returned to what was usually
observed when synthesizing silica-based catalyst via the AASG process and
in the conditions used in this work. This observation strongly suggested that
the possible interactions between the silica matrix and the metal precursor
observed in the absence of MPTMS was prevented in the presence of
MPTMS, most probably due to MPTMS-metal interactions. The isotherms of
Pt(1)SiO, MPTMS was be measured but it was expected that the results
should be close to the ones of Pt(2)SiO, MPTMS.
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Table 2.5. Textural properties of Pd- and Pt- silica catalysts.

BET surface  BJH pore Pore Micropore
area (m2.g') size (nm) volume volume
(cm3.g?l)  (cmd.g?h)

Pd(1)SiO2 540 8 0.74 0.09
Pd(1)SiO2 MPTMS 450 8 0.54 0.07
Pt(1)SiO2 350 7 0.51 0.05
Pt(2)SiO2 370 9 0.51 0.07
Pt(2)SiO2 MPTMS 490 7 0.57 0.07
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Figure 2.14. Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of (A) Pt catalysts: Pt(1)SiO, (e), Pt(2)SiO, (e) and
Pt(2)SiO, MPTMS (e); and (B) Pd catalysts: Pd(1)SiO, (¢) and Pd(1)SiO-
MPTMS (e). Inserts show BJH pore size distribution analysis obtained from
the adsorption isotherms.
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As for the gold, Pt and Pd were successfully incorporated in the materials
as shown by ICP analysis (Table 2.6). The experimental content of Pt and Pd
reached close values to the targeted ones. The surface composition was then
investigated by XPS analysis. The peak of Pd3ds. in the Pd-based catalysts
was centered at ~334.5 eV (Figure 2.15 A). As the theoretical binding energy
of Pd® is 335.4 + 0.9 eV, we can conclude that metallic Pd nanoparticles were
formed in these samples. Similarly, the presence of metallic Pt was confirmed
with a Pt4fz2 peal centered at 74.1 in the Pt catalysts (Figure 2.15 B). The
amount of metal at the surface was calculated based on these results (Table
2.6). The presence of MPTMS in the Pt catalysts led to a lower amount of Pt
found at the surface — as it was already observed for gold — while without
MPTMS the amount was close to the experimental bulk content. As the
nanoparticles in all these samples exhibited very small diameter (< 3 nm), the
differences observed in the surface composition could only be attributed to the
location of the Pt nanoparticles. In the Pd catalysts, the opposite trend was
observed, with a lower amount of Pd at the surface of Pd(1)SiO, than on
Pd(1)SiO, MPTMS. This result could be correlated to the size of the Pd
nanoparticles that were larger in Pd(1)SiOa.

PCBdS/Z Pt4f5/2 I:)t4'i:7/2

Pd3d,,

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

355 345 335 325 85 80 75 70 65 60
Binding Energy (eV) Binding Energy (eV)

Figure 2.15. XPS spectra of (A) the Pd3d region of Pd catalysts: Pd(1)SiO-
(¢) and Pd(1)SiO, MPTMS (e) and (B) the Pt4f region of Pt catalysts:
Pt(1)SiO- (e), Pt(1)SiO2 MPTMS (e), Pt(2)SiO- () and Pt(2)SiO, MPTMS
(). The theoretical binding energy of Pd® and Pt° is shown by the black dotted
line in the different spectra.
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Table 2.6. Chemical composition and nanopatrticles size.

Bulk Pd or Pt  Surface Pt or Pd Nanopatrticle

content content (wt.%)P size (nm)©
(wt.%)?
Pd(1)SiO2 1.3 0.37 7.6
Pd(1)SiO2 MPTMS 14 0.54 2.6
Pt(1)SiO2 0.8 0.66 25
Pt(1)SiO2 MPTMS 0.8 0.14 Not measurable
Pt(2)SiO2 1.7 2.15 2.6
Pt(2)SiO2 MPTMS 1.7 0.83 Not measurable

a Measured by ICP analysis

b Measured by XPS and calculated based on the surface atomic ratio of O, Si
and Pt or Pd

¢ Measured by the Scherrer equation on the X-ray diffractograms

The diffractograms of the different samples are displayed on Figure 2.16.
The size of the nanoparticles was estimated with the Scherrer equation on the
first peak (26 = 39.8 ° for Pt; 26 = 40.15 ° for Pd) (Table 2.6). As previously
noted in the case of the gold material, the fresh Pd(1)SiO; without MPTMS
(represented by the blue curve) showed characteristic peaks corresponding
to metallic Pd. This confirmed the formation of nanoparticles during the AASG
process, indicating the thermal decomposition of the chloride and suggesting
a lack of control over the particle formation during synthesis. Upon calcination,
the peaks became sharper, attesting for an increase in the particle size (from
4.8 to 7.6 nm). On the contrary, when MPTMS was used in the synthesis, the
fresh catalyst diffractogram did not exhibit any peaks; they only appeared after
the thermal treatment. The use of MPTMS stabilized the metal precursors and
allowed to form very small nanoparticle (~2.6 nm) after calcination.

For the Pt catalysts without MPTMS, no peaks were observable for the
fresh catalyst (although slightly visible for the 2%). This was attributed to a
greater stability of the Pt precursor under the specific aerosol conditions
employed. After calcination, however, the characteristic peaks of metallic Pt
clearly appeared, confirming the formation Pt nanoparticles. Their diameter,
however, remained very small (~2.5 nm), even with the 2% loading. In this
particular case, unlike it was observed for Pd and Au, the aggregation of the
nanoparticles was very limited, even after calcination, showing a good stability
of the metal nanopatrticles formed. As for the catalysts containing MPTMS, the
fresh catalysts diffractograms did not exhibit any peaks. Even after thermal
treatment at 550°C, the peaks were almost not visible. In these samples, the
formation of the nanoparticles was prevented and the stabilization of the
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nanoparticles was even strong enough to avoid their severe sintering after
calcination. These results, similarly to the ones presented previously for the
gold materials, clearly demonstrated the impact of MPTMS on the formation
and stabilization of the metal nanoparticles.

It is noteworthy to mention that these different results are in good
agreement with the visual aspect of the powder described previously (Figure
2.13). When comparing the results obtained for Pd and Pt with the ones
described in the previous section for Au, we can conclude that MPTMS played
an important role in stabilizing the three different noble metals. In the absence
of MPTMS, however, gold was prone to form larger nanoparticles (> 10 nm)
while for Pd, and especially for Pt, sintering was limited (7.6 nm and 2.6 nm
respectively). This is explained by their Tammann temperature, which is as
follows: Au < Pd < Pt (396°C <.644°C < 741°C).2®° Gold nanoparticles have a
higher mobility at lower temperature, hence increasing the sintering
phenomena. As calcination is performed at 550°C, sintering is somewhat
limited for Pd and strongly hindered for Pt. While the intensity of the
stabilization effect brought by MPTMS is different for the three noble metals
(as a function of theirr intrinsic (in)stability), the trend is consistent: MPTMS
allows stabilizing smaller metal nanoparticles because it enhanced the
interaction with the surrounding silica matrix and hinders metal mobility,
minimizing sintering.
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Figure 2.16. X-ray diffractograms of the different Pt and Pd catalysts with and
without MPTMS. The blue curve corresponds to the fresh catalyst and the red
curve the calcined material. The peaks corresponding to the facets of metallic
Pt and Pd are identified by the dark lines.

The different catalysts were tested in the glycerol oxidation to DHA
following the same procedure as used before (described in the 2.2.
Experimental section). The reaction was stopped after 4 hours of reaction and
the reaction media were analyzed by GC.
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All catalysts were active in the glycerol oxidation (Figure 2.17). Notably,
the 2% loading of Pt exhibited higher conversion than its counterpart with 1%,
indicating that increasing the number of active sites might be advantageous
for the reaction. The nature of the noble metal did not significantly influence
the catalytic performance. Surprisingly, when comparing catalysts with and
without MPTMS, the catalytic performance showed no significant impact and
remained quite similar for each pair of catalysts. No correlation could be made
between the size nanoparticles and the catalytic performance in the glycerol
oxidation. Given the results obtained with gold and the significant reduction in
nanoparticle size observed by XRD when MPTMS is used, we initially
expected to observe enhanced catalytic activity with the MPTMS-based
catalysts. Unfortunately, it is possible that the 4h reaction time is already too
long for making a rigorous comparison (conversion is already relatively high,
possibly approaching the activity plateau, see Figure 2.11 A for gold
catalysts). It is suggested that the activity survey should be repeated by
stopping the test after 1 or 2 hours, to allow a comparison based on the initial
reaction rate.

100
W GLY conversion
80 4 m DHAyield
W DHA selectivity
60 +
g
40 A
20 +
O m

Pt(1)Si0, Pt(1)Si0, Pt(2)Si0, Pt(2)Si0, Pd(1)Si0, Pd(1)Si0, Au(1)SiO,
MPTMS MPTMS MPTMS  MPTMS

Figure 2.17. Comparison of the catalytic performance of the Pd and Pt
catalyst. The “M” at the end of the material name stands for “MPTMS”.
Reaction conditions: 200 mg of catalyst, 20 mL of 0.25 M glycerol in MeOH,
140°C, pair = 30 bar, 4h.
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2.4. Conclusions

In this second chapter, we disclosed an innovative synthesis strategy to
synthesize mesoporous noble metal-silica catalysts with highly dispersed and
accessible gold nanoparticles, in one-pot. Leveraging on the aerosol-assisted
sol-gel process, metal nanoparticles embedded on SiO: catalysts can be
obtained in a facile and continuous manner. Importantly, however, the
uncontrolled gold nanoparticles formation during aerosol processing must be
avoided, as it leads to large particles with poor activity in the selective
oxidation of glycerol to DHA. We demonstrate that the in-situ stabilization of
the gold precursor during the aerosol-assisted sol-gel synthesis using MPTMS
suppresses nanoparticles formation and further hampers gold sintering during
calcination, leading to accessible and small (~3.7 nm) gold nanoparticles,
homogeneously dispersed in the porous silica support. The corresponding
catalyst is very active for the oxidation of glycerol to DHA markedly
outcompeting the benchmark catalyst prepared by deposition-precipitation or
by aerosol processing in the absence of MPTMS. Moreover, we demonstrated
that such synthesis strategy can be extended to other noble metals (Pd and
Pt) active in the glycerol oxidation to DHA, but also to other non-noble metals
(Ni, Cu, Co). The results obtained in this second chapter are considered as
highly valuable in the field of supported metal nanoparticles synthesis,
possibly paving the way to the synthesis of various supported metal-based
catalysts of various nature and for various applications. In the framework of
the current dissertation, these results constitute the starting point to move on
to the cascade reaction study in Chapter 3 and 4.
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CHAPTER 3:
Bifunctional Au-Sn-SiO: catalysts promote the
direct upgrading of glycerol to lactates

Abstract

Valuable alkyl lactates can be obtained from (waste) glycerol, through a
two-step process that entails (i) the oxidation to dihydroxyacetone (DHA) and
(i) a rearrangement of DHA with an alcohol. While the latter reaction is
effectively catalyzed by Sn-based heterogeneous catalysts, the former
reaction can be carried out with Au-based catalysts. The overall process,
however, is penalized by a limited selectivity of supported gold nanopatrticles
in the first reaction, which strongly restrains the overall lactate yield. To avoid
transitional purification steps, it appears interesting to run the process as a
cascade reaction, in one step, and ideally with bifunctional catalysts. The
preparation of such catalysts, however, remains a challenge. Here,
bifunctional catalysts are prepared in one step, through a straightforward
aerosol-assisted sol-gel route. The catalysts feature small Au nanoparticles
(3-4 nm) embedded at the surface of mesoporous Sn-doped silica
microspheres. The preparation successfully leads to insert both active sites in
their most active forms, and in close proximity. With the bifunctional catalysts,
the selectivity for the final product of the cascade reaction (methyl lactate) is
higher than the DHA selectivity when only the first reaction is carried out. This
highlights a beneficial substrate channeling effect which helps avoiding side
reactions. Interestingly, the bifunctional catalysts also markedly outcompeted
mechanical mixtures of the corresponding Au- and Sn-based catalysts. Thus,
the spatial proximity between the two active sites in bifunctional catalysts is
identified as a key to stir the cascade reaction towards high yield for the final
lactate product.

The results obtained in this chapter have been submitted for publication and
are available as a preprint:

Bifunctional Au-Sn-SiO:2 catalysts promote the direct
upgrading of glycerol to lactates, Margot Van der Verren,
Anna Corrias, Vit Vykoukal, Ales Styskalik, Carmela
Aprile, Damien P. Debecker, ChemRxiv, preprint, DOI:
10.26434/chemrxiv-2023-2qdvc
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3.1. Introduction

The development of efficient catalytic processes for the valorization of
(waste) biomass is now clearly identified as a key priority to unlock the path
toward a more sustainable chemical industry. As an abundant and renewable
resource, hiomass is a promising alternative to the existing petro-based
technologies and is also economically attractive.432% |n the up-and-coming
biorefinery schemes, the upgrading of bio-based compounds into valuable
chemicals usually relies on multistep process, where separate reactions are
carried out in different reactors, using different catalysts.

Robust chemical pathways to synthesize alkyl lactates from (waste) bio-
based sources have to be developed, and glycerol is an attractive starting
point. As it was discussed in the introduction, the upgrading of glycerol to
lactates is typically achieved in two steps: (1) glycerol is oxidized to
dihydroxyacetone (DHA) and (2) DHA is further transformed via a
rearrangement either to lactic acid when working in water or to alkyl lactate
when working in an alcohol.’® In the first reaction, controlling the level of
glycerol oxidation to selectively produce the targeted trioses represents a
challenge, as these compounds are prone to further oxidation, which can
result in the formation of predominantly highly oxidized compounds (Figure
3.1).%

OH
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Figure 3.1. Transformation of glycerol to methyl lactate via the formation of
dihydroxyacetone (DHA), with the possible side products from the
overoxidation of DHA in grey.

Considering such two-step processes, it is important to realize that poor
selectivity in the first reaction will unavoidably imply either (i) even lower
overall selectivity (and vyield) for the whole transformation as the second
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reaction occurs in the presence of a complex mixture of intermediates, or (ii)
costly purification transitional steps to allow operating the second reaction in
clean conditions.

In this perspective, the one-pot cascade reaction of glycerol to lactates is
highly attractive, as it might allow boosting the selectivity of the process
towards the desired target. Yet, as it was the section 3.2 and 3.3 of the
introduction, a few research groups have addressed this possibility.185194.196-
198 Moving forward, with the idea to improve the sustainability of the
transformations, efforts are made to further intensify the processes, by
developing multifunctional catalysts bearing different catalytic species, able to
run cascade reactions in a unique reactor.®® A strong boost in the catalytic
performance was sometimes observed with multifunctional catalysts due to
the synergistic effect brought by the active site proximity.200-204 Specifically, to
perform a cascade reaction such as the transformation of glycerol to ML,
effective bifunctional catalysts would be highly desirable because the
proximity between the two active sites might favor the rapid channeling of the
unstable intermediate (DHA) towards completion of the second step of the
cascade reaction thus decreasing the possibility of side reactions. In this way,
higher overall yields could be obtained.

As it was extensively discussed in the section 3.3 in the introduction, the
synthesis of such materials can be challenging as they usually rely on
multistep synthesis processes in which the addition of an active specie on a
preformed (active) material can modify its morphology or texture, affect the
nature of chemical surface species, and hinder the availability of catalytic
sites. 196

In this chapter, we propose a one-pot strategy, relying on the aerosol-
assisted sol-gel process, for the preparation of a new type of bifunctional
heterogeneous catalysts for the upgrading of glycerol to methyl lactate. The
aerosol process provides easy access to heterogeneous catalysts with
tailored properties (texture, composition, dispersion, surface functionality) in a
limited number of preparation steps.?'! This technique relies on the rapid
thermally-induced evaporation of a solution containing the different precursors
(alkoxides or salts) and a templating agent to form dry particles with
homogeneous composition and controlled porosity. Various catalysts
including porous oxides, metal and metal alloys or even hybrids catalysts were
synthesized using this technique.?16.218-220.229,291-296 The catalysts developed
in this work consist of small Au nanoparticles highly dispersed on a
mesoporous Sn-Si mixed oxide. We demonstrate how combining the two
active sites on the same solid particles allow us to boost the overall catalytic
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performance of the cascade and to lower the formation of over-oxidized by-
products.

3.2. Experimental section

The reader is directed to the EXPERIMENTAL SECTION (p. 54-59) for
general procedures of characterization. Here, only the methods specifically
implemented in this chapter are presented.

3.2.1. Catalyst preparation
Tin catalyst

The mesoporous Sn-SiO2 catalyst was synthesized following a protocol
already developed by our groups.213217 Typically, solution A was prepared by
mixing 12 g of TEOS with 20 g of acidified water (HCI, 0.01M). In a second
vessel, 3.88 g of Pluronic F127 was dissolved in 45 g of absolute ethanol and
8 g of deionized water (Solution B). The two solutions were kept overnight
under stirring at room temperature. Then, tin (IV) chloride (SnCls4-5H20) was
added to solution A in order to have a nominal Si/Sn ratio equal to 74. This
ratio was selected based on a previous study on the optimization of the activity
of SnSiO: in the conversion of DHA to ethyl lactate.?!” The resulting solution
was stirred for 10 minutes and then added to solution B and stirred for another
30 minutes. The mixture was atomized with a 6-Jet 9306A atomizer from TSI
(operating at 30 psi) and the droplets formed were dried by passing through a
tubular quartz tube heated at 350°C. The powder was recovered on a
cellulose nitrate filter (pore size: 0.45 um) then dried at 80°C overnight. The
resulting sample was calcined under static air at 550°C for 6 h (1°C/min) and
is here denoted SnSiOa.

Gold catalyst

The synthesis of the Au-SiO: catalyst featuring small gold nanopatrticles is
based on the stabilization of the gold precursors by MPTMS developed in the
previous chapter of this thesis (see Chapter 2, 2.2.1. Catalysts preparation).
Bifunctional catalyst

Bifunctional catalysts were synthesized combining the syntheses
described above. Solution B is the same. In solution A, three gold loadings

were investigated: 0.5, 1 and 2% (w/w). The gold precursor was added to the
pre-hydrolyzed silica precursors (MPTMS and TEOS) (Solution A), stirred for
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10 minutes. Then, tin precursors (Si/Sn = 74) was added and the solution was
stirred for another 10 minutes. Solutions A and B were mixed and further
stirred for 30 minutes. Then the mixture is atomized as explained above and
the recovered powder is calcined in the same conditions. The catalysts are
named Au(x)SnSiO2, where x corresponds to the gold loading.

3.2.2. Catalytic studies

The catalytic transformation of glycerol to either DHA (with AuSiOz2) or to
methyl lactate (with the bifunctional catalyst, AuSnSiO2) were performed in a
160 mL Parr stainless steel autoclave reactor equipped with a Teflon liner. In
a typical experiment, a solution of glycerol in methanol (0.25 M, 20 mL) was
loaded with 68 mg of dodecane (used as GC internal standard) and a chosen
amount of catalysts. The reaction was performed under 30 bar of air (used as
oxidant) under vigorous stirring at the desired temperature. After a selected
time, the reactor was cooled down in a cold bath and the reaction mixture was
centrifuged to separate the catalyst. The solution was analyzed by gas
chromatography (Scion Instruments 456-GC) equipped with a Restek
Stabilwax column (30-meter length, 0.53 mm ID, 0.25 pym df) and an FID
detector. Investigations on the reaction conditions were performed by
changing the temperature, the glycerol concentration and the air pressure.
Reusability tests were performed keeping a constant glycerol/catalyst molar
ratio during the different cycles. The reaction was stopped after 2 h. After each
cycle, the catalyst was recovered by centrifugation, washed with methanol
three times, dried overnight at 40°C under vacuum and then calcined at 450°C
(1°C/min) under flowing air (100 mL/min). The leaching test was performed
under the same reaction conditions. After 1 h, the catalyst was recovered by
centrifugation and the supernatant was then allowed to react for 7 h. The
glycerol conversion was evaluated by GC after removing the catalyst (1 h) and
at the end of the test (8 h).

The catalytic tests for the conversion of dihydroxyacetone to methyl lactate
were performed in the same reactor. In a typical experiment, 360 mg of
dihydroxyacetone was dissolved in 20 ml of methanol with 68 mg of dodecane
at 45°C for 15 minutes. Then the clear solution was loaded in the reactor with
200 mg of catalyst. The reaction was performed in the same conditions
described above. After 4 hours of reaction, the reactor was cooled down in a
cold bath and the catalyst was separated by centrifugation. The solution was
analyzed by GC.
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3.3. Results and Discussion

3.3.1. Mono-functional AuSiO2 and SnSiO:2 catalysts

To achieve a good dispersion of Au nanoparticles onto the mesoporous
silica material, we relied on the aerosol-assisted sol-gel process and on the
strong interactions between gold and the thiol function of a mercapto-silane.28”
The addition of this gold-stabilizer during synthesis was shown to be the key
to control the formation of small gold nanoparticles (in the absence of MPTMS,
large Au particles form readily during aerosol processing, see Chapter 2).
AuSIO; (referred as AuSiO2-MPTMS-550 in the previous chapter) (catalyst
consists of mesoporous microspheres with calibrated mesoporosity (5-7 hm)
and homogeneously dispersed Au nanoparticles of about 3-5 nm in size
(Figure 3.2 A-C). The pores result from the removal of F127 micelles, after
calcination.

Figure 3.2. Transmission electron microscope analysis of (A,B,C) AuSiO.and
(D) SnSiO,. Respectively from left to right: HAADF, STEM-EDX, STEM.
Images A to C were measured with a FEI Tecnai F20 microscope while image

D was measured with a Phillips Tecnai 10.
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Textural properties were investigated by Nz-physisorption. The type IV
isotherm with H2 hysteresis loop demonstrated the presence of ink-bottle neck
mesopores (Figure 3.3 A). Overall, the catalyst displayed advantageous
textural properties (SSA = 440 m2.g’; Vp = 0.47 cm3.g%; Dp = 5 nm) (Table
3.1, Figure 3.3 B). The gold content was verified by inductively couple plasma
optical emission spectroscopy (ICP-OES) and was very close to the nominal
loading (=1%) (Table 3.2). The surface composition was measured by XPS.
No sulfur was detected after calcination, proving that the calcination applied
to remove the surfactant also leads to the decomposition of mercaptopropyl
moieties. XPS analyses showed that the gold present in the sample was in
metallic Au® state. Au4dfz2 was shifted to relatively low binding energy (~83
eV). This corresponds to surface Au atoms and is explained by the low
coordination number of surface atoms in small nanoparticles.?’® This suggests
the formation of very small gold nanopatrticles in AuSiOz. The crystallite size
was estimated by X-ray diffraction, applying the Scherrer equation on the 26
= 38.1° peak (Figure 3.3 C). This sample displayed 3.7 nm diameter crystallite
(this measure has systematically a standard error of £ 0.1 nm), consistent with
TEM (Figure 3.2) and XPS that pointed to small Au nanoparticles. In good
agreement with the Nz-physisorption analysis, TEM shows the presence of 5-
7 nm interconnected pores. The gold dispersion measured by thiol titration
reached a value of 21%, accounting for a high proportion of gold available in
the pores of the microspheres, and therefore available for catalysis.

Table 3.1. Textural properties of the mono- and bifunctional catalysts

BET surface  BJH pore Pore volume  Micropore

area (m2.g1)  size (nm) (cm3.g?) volume

(cm.g?)
AuSIO2 440 5 0.47 0.09
SnSiO2 330 5 0.34 0.07
Au(0.5)SnSiO2 410 5 0.41 0.10
Au(1)SnSiO2 440 5 0.45 0.11
Au(2)SnSiO2 400 5 0.38 0.10
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Figure 3.3. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of AuSiO, . (B) BJH pore size distribution analysis
obtained from the adsorption isotherm. (C) X-ray diffractogram of fresh
AuSiO- (e) and calcined AuSiO2 (e). (D) Kinetic study of the oxidation glycerol
(GLY) to dihydroxyacetone (DHA) and methyl glycerate (MGE) with AuSiO-.
Reaction conditions: T = 140°C, pair = 30 bar, 0.25 M glycerol in methanol, and
GLY/Catalyst ratio = 2.3 (w/w).

AuSiO- was tested in the oxidation of glycerol at 140°C, under 30 bar of
air and vigorous stirring. After 4 hours, glycerol conversion reached 55% and
the DHA selectivity reached 40% (Figure 3.3 D). By-products such as methyl
glycerate (Swce = 28%) and traces of dimethyl oxalate (Scheme 3.1) were also
detected during the reaction. During the 4 hours of reaction, glycerol was
quickly consumed to form DHA and methyl glycerate (MGE), resulting from
the further oxidation of DHA. Increasing the reaction time to 8 hours slightly
increased the glycerol conversion to 60% with similar selectivity MGE (= 28%)
and to DHA (=38%). These results are in good agreement with the mechanism
already reported by previous studies and with the known relative instability of
DHA, prone to overoxidation.4

A mesoporous SnSiO; catalyst was also prepared by the one-pot aerosol-
assisted sol-gel process, using the same templating agent (F127) and
targeting a Si/Sn molar ratio of 74. This formulation was selected because it
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was reported in a previous work as being very active for the conversion of
DHA to ethyl lactate. Other Si/Sn ratio were also tested in this previous study
and the ratio of 74 was shown to have the best TON.?” TEM shows that the
morphology and texture of SnSiO2 is very similar to AuSiOz (Figure 3.2 D).
The mesopores, clearly visible in TEM, are confirmed by textural analysis
(Figure 3.4 A-B and Table 3.1). Type-IV isotherm showed the same H2
hysteresis observed for AuSiO, and the BJH analysis also highlighted a
narrow pore size distribution centered on 5 nm. The BET surface area was
slightly lower than for AuSiO2 (330 m2. g'1). Tin was successfully incorporated
in the material as evidenced by elemental analysis (ICP) which closely fits with
the nominal composition (Table 3.2).
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Figure 3.4. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of SnSiO,. (B) BJH pore size distribution analysis
obtained from the adsorption isotherm. (C) XPS spectra of the Sn3d region
with indication (dotted line) of the theoretical binding energy of Sn3ds/2 in Sn**
state (487.2 eV)?%. (D) Diffuse reflectance UV/Vis spectrum of SnSiO..
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The chemical state of tin in the material was investigated by XPS. The Sn
3d spectra confirmed tin is in Sn** state, with a Sn 3ds2 peak centered at a
binding energy of 487.2 eV (Figure 3.4 C).297-300 The surface atomic fraction
Si/Sn reached the value of 70, which is very close to the nominal one (74),
suggesting a homogeneous distribution of Sn in the silica matrix. Diffuse
reflectance UV/Vis spectroscopy was used to further prove the successful
insertion of Sn in the silica framework. The spectra show a broad absorption
band at A = 210-240 nm attesting for the presence of Sn** in tetrahedral
coordination in the silica framework in this sample, while the minor contribution
at A ~ 280 nm indicates the presence of a small proportion of hexacoordinated
polymeric Sn-O-Sn type species (Figure 3.4 D).201302 The insertion of Sn in
the silica matrix was also studied by 1°Sn NMR spectroscopy under static
conditions (Figure 3.5). The signal centered at & = -695 ppm is characteristic
of intra-framework Sn" in tetrahedral coordination, connected with 4 atoms of
Si by oxygen bridges.2? Although a minor amount of tin in extra-framework
cannot be completely ruled out, significant amounts of SnO: were not
detected. Overall, UV, XPS and NMR results prove the insertion of tin in the
silica framework.
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Figure 3.5. Solid state 11°Sn static NMR spectrum of (a) pure SnOz, (b)
Au(1)SnSiO: calcined, (c) fresh Au(1)SnSiO2 and (d) SnSiO2 calcined.
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The acidity of the sample was assessed by pyridine adsorption and FTIR
spectroscopy. The FTIR spectra are displayed in Figure 3.6. The band found
at 1455 cm- is characteristic of Lewis acid sites and attests of the successful
incorporation of Lewis acidity in this sample. The surface density of Lewis acid
sites reached 36 pmol.gt. Small amount of Brgnsted acidity was observed
(band at 1545 cm-1).
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Figure 3.6. FTIR spectra after pyridine adsorption and desorption at 150 °C
for 2 hours of SnSiO; (bottom green curve) and Au(1)SnSiO; (top red curve).
B = band corresponding to Brgnsted acid sites; L = band corresponding to
Lewis acid sites.

Table 3.2. Experimental content of gold and tin at the surface and in the
material

Surface Au Surface Bulk Au Bulk

loading (wt. %)%  Si/Sn ratio? loading Si/Sn

(wt %)b ratio®

AuSIO2 0.13 / 0.79 /

SnSiO:2 / 70 / 73
Au(0.5)SnSiO2 0.13 67 0.6 73
Au(1)SnSiO:2 0.26 82 11 72
Au(2)SnSiO:2 0.59 64 2 71

(@) Determined by XPS analysis, (b) Determined by ICP-OES analysis.
*Calculated based on the surface atomic ratio of O, Si, Sn and Au.
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The SnSiO, catalyst was tested for the conversion of DHA to methyl
lactate. In the conditions of the reaction (same as above), we verified that DHA
was completely transformed in methyl lactate after 4 hours, with a selectivity
of >99%. This excellent activity is crucial to the objective of this work, as we
target the cascade reaction from glycerol to methyl lactate.

3.3.2. Cascade reaction with a physical mixture of AuSiO2 and
SnSiO2

The physical mixture of AuSiO2 (1 wt.% of Au) and SnSiO: (Si/Sn = 74)
was used to perform the cascade reaction (Figure 3.7 A). After 8 hours
glycerol conversion reached 70%, slightly higher than when using AuSiO:2
alone. No DHA was detected, most probably due to its rapid consumption by
the tin catalyst. Overall, the yield to the final product of the cascade (Yw. =
19%) was close to the yield of DHA obtained with AuSiO2. The formation of
by-products (formed in abundance via over-oxidation of DHA when AuSiO-
was used alone) could not be avoided. Over time, the conversion of glycerol
remained around 70% and the methyl lactate yield plateaued at ~23%. These
results show that — owing to the introduction of the effective SnSiO; catalyst
— the reaction can indeed be pushed from the formed DHA towards the final
product (ML). Yet, the ML yield and selectivity remain modest (as dictated by
the poorly selective first reaction on the gold catalyst).
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Figure 3.7. Kinetic study of the transformation glycerol (GLY) to methyl lactate
(ML), methyl glycerate (MGE) and methyl glycolate (MGO) with (A) the
mechanical mixture of AuSiO; and SnSiO,, (B) the bifunctional catalyst
AuSN(1)SiO2. Reaction conditions: T = 140°C, pair = 30 bar, 0.25 M glycerol in
methanol, and GLY/Catalyst ratio = 2.3 (w/w).
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3.3.3. Bifunctional Au(x)SnSiOz2 catalysts

We reasoned that bifunctional materials bearing both the tin and the gold
active species on the same solid particles would be primed to further boost
the ML vyield in the cascade reaction. Indeed, a facile substrate channeling
between the two active sites could effectively drive the reaction to the desired
methyl lactate. The synthesis of such bifunctional catalysts was attempted
before (using multi-step preparation procedures involving sol-gel, colloidal
immobilization, and deposition-precipitation),185196.198.205206 hyt the resulting
material showed impaired catalytic performance, mostly due to the difficulty to
stabilize both the Au and the Sn species in their most active forms. Here, the
aerosol-assisted sol-gel synthesis was exploited to synthesize bifunctional
catalysts in one step (plus calcination). These samples were denoted
Au(x)SnSiO,, where “x” corresponds to the nominal Au loading. The Si/Sn
ratio was kept the same in each catalyst (Si/Sn = 74).

Similar to the monometallic catalysts described above, the texture of the
bifunctional catalysts was characterized by type IV isotherms featuring the
typical H2 hysteresis loop (Figure 3.8 A) corresponding to ink-bottle neck
pores. The BJH analysis performed on the adsorption branch of the isotherm
showed a narrow pore size distribution centered on 5 nm. All bifunctional
catalysts exhibited a high surface area and pore volume, similar to AuSiO;
and SnSiO; (Table 3.1). As it was already observed in the previous chapters
and for the Au- and Sn-SiO: catalysts, the desorption isotherms all exhibited
a ‘forced closure’ caused by the TSE, attesting for the presence of smaller
pores of 4 nm.

The crystallite size was measured employing X-ray diffraction (Figure 3.8
B). The addition of tin did not have an impact on the gold crystallites size as it
remained very small (3.1 nm) and close to the Au NPs size in AuSiO2 (Table
3.3). Similarly, the size remained the same regardless of the gold loading
engaged.
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Figure 3.8. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of Au(x)SnSiO.. Inserts show BJH pore size distribution
analysis obtained from the adsorption isotherms. (B) X-ray diffractograms of
Au(x)SnSiO,. The color of the curve depends on the gold loading: 0.5% (4),
1% (o), 2% (m).

Gold and tin contents in the different solids were verified to be very close
to the targeted loadings (ICP-OES, Table 3.2). The Au 4f spectra for each
bifunctional catalyst also showed the slight shift toward lower binding energy
for the Au4fzz peak (~83 eV), typically attributed to very small gold
nanoparticles (Figure 3.9 A). Increasing the loading of gold in the catalysts led
to a proportionally higher amount of gold found at the surface of the materials
(Table 3.2). The Si/Sn surface ratio remained close to the nominal ratio (Si/Sn
= 74) in all bifunctional catalysts, indicating that the Sn is homogeneously
dispersed in the material and that the presence of gold and MPTMS did not
impact tin dispersion. Exactly like in the case of SnSiO,, Sn is inserted in the
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silica matrix with a Sn 3ds2 XPS peak centered at ~487 eV corresponding to
Sn#* state (Figure 3.9 B).
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Figure 3.9. XPS spectra of the (A) the Au4f region and (B) Sn3d region of
Au(x)SnSiO, materials: 0.5% (), 1% (e), 2% (e). The theoretical binding
energy of Au4f72° and Sn3ds/2 in Sn** state are respectively 84.3 eV and 487.2
ev.

In the perspective of a cascade reaction with two different active species,
it is important to verify that the two species are inserted in their appropriate
state, and that the presence of one does not affect the chemical state of the
other (for example via the formation of alloyed Au-Sn nanoparticles). Thus,
Au(1)SnSiO; was further investigated through XANES and EXAFS analyses,
and compared to an Au foil as a reference sample, in order to get selective
information about the gold environment. The XANES spectra of the sample
and the reference foil are very similar suggesting that gold in the sample is in
its metallic form maintaining the same environment to that of pure Au (Figure
3.10 A). This is confirmed by the comparison of the EXAFS interference
functions and of corresponding FTs of the sample and the reference foil, which
only show minor differences in the amplitudes of the oscillations and in the
height of the peaks, respectively. This indicates that there is a strong similarity
between the gold environment in Au(1)SnSiO, and the gold reference foil
(Figure 3.10 B-C), suggesting no chemical interaction between gold and tin.
The reduced amplitudes of the oscillations and the lower FT peaks intensity
of the sample with respect to the reference foil (Figure 3.10 B-C), are
consistent with the small dimensions of the gold nanocrystals.
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functions and (C) corresponding FTs moduli (phase shift corrected) of

Au(1)SnSiO: (red curves) and Au foil (black curves).

Table 3.3 Properties of gold in the different catalysts

Gold dispersion (%) Gold crystallite size (nm)P

AUSIO> 21 3.7
Au(0.5)SnSiO> 135 3.1
Au(1)SnSiO> 16 3.1
Au(2)SnSiO> 8.5 3.2

a Measured by thiol titration

b Measured by XRD with Scherrer equation applied on the 38.1° peak.
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The insertion of tin was investigated in the sample Au(1)SnSiO (fresh and
after calcination) by 1*°Sn NMR spectroscopy. The spectrum exhibited the
same signal as in SnSiO; centered at & = -695 ppm, indicating the presence
of intra-framework Sn' (Figure 3.5). This confirms that the addition of gold in
the synthesis does not disrupt the proper insertion of tin in the silica
framework. Similarly, the acidity of the sample Au(1)SnSiO;was not impacted
by the presence of gold in the material, with a surface density of Lewis acid
sites reaching 38 umol.g* (Figure 3.6).

The sample morphology was investigated by transmission electron
microscopy (TEM). The Au(x)SnSiO, samples consist of spherical shaped
microspheres with 5-7 nm interconnected pores (Figure 3.11). The gold
nanoparticle size distribution was estimated through TEM measurements on
200 nanoparticles. Whatever the gold loading, the materials exhibited overall
a narrow gold nanoparticles size distribution centered at 3.5 nm, in good
agreement with XRD results (Figure 3.12). Gold nanoparticles are
homogeneously dispersed in the microspheres. EDX elemental mapping
(Figure 3.11) allowed highlighting that tin and gold were effectively and
homogeneously dispersed in the catalyst microspheres.

The dispersion measurements performed on the different samples showed
that the dispersion is somewhat lower in the 2%, compared to the 0.5%, 1%
bifunctional catalysts and to the 1% monofunctional AuSiO; catalyst (Table
3.3). This result shows that the amount of gold actually surface-available in
the 2% catalyst is close to the one found in the 1% material. Considering that
the gold nanopatrticle size remained similar in the two materials, the decreased
dispersion suggests that some nanoparticles are partially embed inside the
silica walls when the gold loading reached 2%.
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Figure 3.11. Transmission electron microscope analysis. Respectively from
top to bottom: Au(0.5)SnSiO2, Au(1)SnSiO, and Au(2)SnSiOy; from left to
right: HAADF, STEM, STEM-EDX of Au and STEM-EDX of Sn. These images
were measured with a FEI Tecnai F20 microscope.
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Figure 3.12. Gold nanoparticles size distribution of (A) Au(0.5)SnSiO,, (B)
Au(1)SnSiO; and (C) Au(2)SnSiO,. The size distribution was estimated on
200 nanopatrticles.
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3.3.4. Cascade reaction with bifunctional Au(1)SnSiO: catalysts

The bifunctional catalyst Au(1)SnSiO, was tested in the one-pot
transformation of glycerol to methyl lactate. The kinetic profile of glycerol
conversion and ML yield with Au(1)SnSiO> can be directly compared to the
cascade performed with the mechanical mixture (AuSiO; + SnSiO;) with
exactly the same amount of Sn and Au introduced in the reactor (Figure 3.7).
Overall, the glycerol conversion was higher along the test with the bifunctional
catalyst. Close to total conversion was achieved after 24 hours with the
bifunctional catalyst while it remained stuck at 70% for the mechanical
mixture. More interestingly, the ML selectivity was highly improved when using
the bifunctional catalyst, resulting in a markedly higher ML yield. For example,
at 4, 8, and 24h, the ML yield reached 8, 19, and 23% with the mechanical
mixture of the two catalysts, but reached 15, 31, and 49% with the bifunctional
catalyst.

This confirms that Au(1)SnSiO: is intrinsically more active and selective
toward ML. With the characterization and the catalytic results in hands, we
reason that the bifunctional catalyst takes advantage of the proximity between
tin and gold active sites to rapidly channel the intermediate DHA towards
further conversion to ML, resulting in improved selectivity and overall yield.
Overall, the formation of MGO and MGE by-products (resulting from the
oxidation of DHA on gold nanopatrticles) remained relatively low. As it was
already mentioned, we cannot exclude that there might be some diffusional
limitations in the microspheres due the shape of the pores formed during the
aerosol process.

3.3.5. Optimization of the reaction conditions

With the high-performance bifunctional catalyst in hand, the reaction
conditions were modified with the idea to further improve the ML selectivity
and yield. While the temperature clearly had an important impact, with almost
no catalytic activity at 120°C. Increasing the temperature from 140°C to 180°C
highly improved the catalytic performance (Table 3.4). We decided to target
higher selectivity and selected 160°C as the best temperature. Moving further,
by varying the glycerol concentration and the air pressure, new optimized
conditions were selected for the rest of this work (vide infra): at 160°C, under
15 bar of air and vigorous stirring. In these conditions a complete conversion
of glycerol was obtained after 16 hours (Figure 3.13). More importantly, the
ML vyield could be improved to around 62% while maintaining the production
of by-products (MGO and MGE) very low.
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Table 3.4. Catalytic performance of Au(1)SnSiO. on different reaction
conditions. Each test was stopped after 6 hours.

Temperature Pair Gly/Au GLY ML ML
(°C) (bar) (w/w) conversion Selectivity Yield
(%) (%) (%)
120 30 2.3 5 100 5
140 30 2.3 41 67 28
160 30 2.3 77 68 52
180 30 2.3 96 60 58
160 30 0.575 70 75 52
160 30 1.15 77 72 57
160 30 4.6 54 54 29
160 15 1.15 85 73.1 62.2
100 ® °
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Figure 3.13. Kinetic study of the transformation glycerol (GLY) to methyl
lactate (ML), methyl glycerate (MGE) and methyl glycolate (MGO) with
Au(1)SnSiO,. Reaction conditions: T = 160°C, pair = 15 bar, 0.125 M glycerol
in methanol, and GLY/Catalyst ratio = 1.15 (w/w).
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The two catalysts Au(0.5)SnSiO, and Au(2)SnSiO, were also tested in the
new reaction conditions to investigate the effect of the gold loading (Figure
3.14). The catalysts containing 0.5% of gold showed a glycerol conversion
limited at 40% after 4 hours while the ML vyield reached 33%. The lower
conversion was attributed to the lower amount of gold in the material. On the
other hand, the Au(2)SnSiO, sample displayed higher glycerol conversion
with a good ML selectivity. Although the dispersion in this material was lower
(Table 3.3), the higher conversion at the beginning of the reaction was
ascribed to the higher amount of gold detected at the catalyst surface by XPS.
In both cases, methyl glycerate, the first product of the overoxidation of DHA,
was detected. This product can actually act as a chelating agent on the gold
nanoparticles, hindering the catalytic active sites. The rapid loss of catalytic
activity in the two materials was attributed to the poisoning of the gold
nanoparticles. Such deactivation was already observed when working with
AuSIiO,, and we demonstrated that in order to recover its catalytic activity, a
thermal treatment was required. The adsorption of undesired products on the
catalytic species can also be responsible for the carbon loss sometimes
observed during the reaction.

When comparing the Au(1)SnSiO; and Au(2)SnSiO; samples, it appeared
that a higher loading of gold led to poorer catalytic performance (lower
conversion and ML yield) over time. It is hypothesized that the larger amount
of gold located at the surface of the microsphere in the Au 2% would lead to
higher amount of methyl glycerate produced and then adsorbed, thus leading
to a faster catalyst deactivation. Therefore, Au(1)SnSiO, was selected as the
best for further investigations.
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Figure 3.14. Kinetic study of the transformation glycerol (GLY) to methyl
lactate (ML), methyl glycerate (MGE) and methyl glycolate (MGO) with (A)
Au(0.5)SnSiO2 and (B)Au(2)SnSiO,. Reaction conditions: T = 160°C, pair =
15 bar, 0.125 M glycerol in methanol, and GLY/Catalyst ratio = 1.15 (w/w).
Each measure has an error of + 5%.

The catalytic performance of this latter was compared to other catalytic
systems described in the literature (Table 3.5). It is noteworthy to mention that
such comparison can be complicated due to the reaction parameters
(temperature, pression, glycerol/noble metal molar ratio) that differ in each
report, and the fact that the transformation of glycerol to ML implies 2
consecutive reactions. In order to correctly calculate a turn-over frequency on
the cascade reaction, it should be performed on the limiting step — the
oxidation of the glycerol to DHA. However, it requires to know precisely the
amount of noble metal that is actually performing the catalytic reaction. In our
case, as the gold is not deposited but incorporated in one-pot, we suspect that
part of our nanoparticles — although they are available in the pores — do not
participate in the oxidation of glycerol due to some diffusion limitations.
Therefore, we decided to not compare the catalytic systems based on the TOF
of the first reaction. On the other hand, a TOF cannot be calculated on the
second step of the reaction either as (i) this step is not limiting and (ii) the
reactant (DHA) cannot be quantified as it is directly consumed.

Instead, we propose to compare the catalytic systems based on their
methyl lactate yield, more precisely, their highest methyl lactate yield reached
in the shortest time (Table 3.5). The best catalytic system should be the one
achieving the highest ML yield in the shortest time, with a high glycerol/noble
metal ratio, at the lowest temperature, while avoiding catalyst deactivation. It
is for example interesting to see that the system working at the lowest
temperature (Au/CuO + Snp) reach good methyl lactate yield in a very short
time, but however works with a very low glycerol/Noble metal molar ratio —
thus implying the use of large amount of catalyst, which can be unattractive.
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The catalytic system developed in the present work is showing good
performance with ML yield in the range of other systems — although it did not
outcompete the best catalysts (the zeolites). Importantly, we argue that the
rapid and facile synthesis route developed here is also an important feature
of our catalytic system.

Table 3.5. Comparison of the different catalytic systems developed in the
literature.

Catalysts T t (h) P Noble Gly/Noble ML Ref
(°C) (bar) metal metal Yield
loading molar ratio (%)
(Wt%)
Au-USY-600 160 5 30 0.35 1407 60 194
(air)
Au/SnUSY 160 1.75 5 1 98.5 72 205
(02)
Au/Sn(20)Mt 210 1 30 1 1407 43 185
(air)
2AuU/CuO + 140 10 30 1.79 985 75 196
Sn-MCM-41- (air)
XS
PtAu/C + Sn- 140 8 30 1 692.5 68 197
MCM-41-XS (air)
Au/CuO + Snp 90 2 15 1 49.2 55 198
(air)
Au/SnpMS 140 4 5 1 98.5 90 206
(air)
Au(1)SnSiO2 160 6 15 1 246 62 This
(air) work

Au(1)SnSiO, was further studied to shed light on its robustness. A “hot
filtration test” confirmed that the activity was solely attributed to the solid
catalyst (no leaching of active species acting in the homogeneous phase, see
Figure 3.15 A). The recyclability of Au(1)SnSiO, was investigated following
the same reaction conditions. In a typical recycling experiment, the test was
carried out for 2 hours (where conversion is still far from completion) before
removing the catalyst by centrifugation. The catalyst was washed with
methanol and regeneration was performed at 450°C under flowing air (100
mL.mint). The catalyst showed excellent recyclability with an overall stable
ML yield over 4 cycles (Figure 3.15 B). The gold nanoparticles remained small
(3.8 nm, measured by XRD) after the 4 cycles performed. It is noteworthy to
mention that without applying a thermal treatment, the catalyst was no longer
active in the cascade reaction, implying that the deactivation was indeed
caused by the presence of products adsorbed on the active species.
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Figure 3.15. (A) Hot filtration test performed with Au(1)SnSiOz, (B) Recycling
test performed with Au(1)SnSiO.. Reusability tests were performed keeping a
glycerol/catalyst (w/w ratio) = 1.15 during the different cycles.

3.4. Conclusion

Bifunctional catalysts combining gold nanoparticles dispersed in
mesoporous tin silicate microspheres (AuSnSiO,) were prepared in one step
by the aerosol-assisted sol-gel process. The materials displayed
advantageous mesoporous texture (with large pore volume and high surface
area), small surface-accessible gold nanopatrticles, and highly dispersed tin
species inserted in the silica framework generating abundant Lewis acid sites.
Monofunctional AuSiO; and SnSiO; catalysts were used as benchmarks. In-
depth characterization showed that the intrinsic properties of tin sites and gold
sites were not mutually affected in the bifunctional catalyst. While the
monofunctional AuSiO: catalyst showed moderate activity and poor selectivity
in the oxidation of glycerol to DHA (producing large amounts of methyl
glycerate), the bifunctional catalyst allowed running the cascade reaction
glycerol > DHA > methyl lactate very effectively. In fact, the ML yield markedly
surpasses the DHA yield observed when running only the first reaction. Thus,
we evidenced that the combination of the two active sites boosts the catalytic
performance, as the intermediate product is effectively funneled towards the
second reaction (DHA rearrangement with methanol) occurring on tin sites.
Importantly, higher selectivity and yield are observed for the bifunctional
material, if compared with a corresponding mechanical mixture. This confirms
the pivotal role of site proximity in the bifunctional catalysts. This work
highlights the interest of bringing together in one unique material two catalytic
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species to run efficiently a cascade reaction. In this context, the aerosol-
assisted sol-gel preparation is shown as a key enabling technology that
markedly facilitates the preparation of such bifunctional catalysts.
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CHAPTER 4:

Extending the MPTMS-stabilized synthesis
strategy to Pd-Sn-, Pt-Sn- and AuPdSn-SiO2
bifunctional catalysts

Abstract

Supported noble metals; such as Pt and Pd nanoparticles are reported as
good candidates to perform the catalytic transformation of glycerol to DHA.
On the other hand, AuPd bimetallic nanoparticle have gained a lot of interest
in the field of catalysis and have been reported as excellent catalyst for the
glycerol oxidation. By harnessing the diverse properties of both metals,
bimetallic nanopatrticles offer a versatile platform for designing catalysts with
improved activity, stability, and selectivity compared to their monometallic
counterparts. Once combined with a tin-silica mixed oxide, these metal
nanoparticles could be used for the cascade transformation of glycerol to
methyl lactate. However, the traditional protocols to synthesize supported Pt,
Pd an bimetallic AuPd nanoparticles, especially on a silica support, suffers
from a poor size and composition control. Here, we report the one-pot
synthesis of various bifunctional materials, combining Pt, Pd and AuPd
nanoparticles with Sn-SiO2 mixed oxides leveraging of the aerosol-assisted
sol-gel process. More precisely, we investigate the potential of using a
stabilizer (MPTMS) in the aerosol synthesis. All the materials displayed
advantageous textural properties, featuring small nanoparticles (2-8 nm vs. <
2 nm with MPTMS). In the absence of the stabilizer, the formation of
intermetallic compounds (PtsSnz and PdSn), which results in the reduction of
active sites, was inevitable. However, the introduction of the stabilizer
successfully prevented the formation of these compounds. The formation of
bimetallic Au-Pd nanoparticles could not be demonstrated. All the bifunctional
materials exhibited good catalytic activity with excellent selectivity, especially
the Pt-based catalysts, in the cascade transformation of glycerol to methyl
lactate. This chapter highlights the potential benefit of employing a stabilizer
to preserve the intrinsic properties of each metal during the one-step synthesis
of bifunctional materials using the AASG process.
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4.1. Introduction

The catalytic conversion of glycerol, a renewable and abundant feedstock,
into valuable chemicals such as methyl lactate has garnered significant
interest due to its potential for more sustainable and greener synthesis. The
two steps reaction — also called cascade reaction — requires two types of
active sites. Noble metals such as gold (Au), platinum (Pt) and palladium (Pd)
have demonstrated good catalytic activity in glycerol oxidation to
dihydroxyacetone (DHA) while, as discussed in the introduction of this work,
tin is the best candidate to subsequently transform DHA to methyl lactate.'*

Notably, AuPd bimetallic nanoparticles were also reported by Tang et al.
as an excellent candidate to perform the first step of the cascade reaction.%’
In fact the AuPd-based catalyst described in their study outperformed the Au-
and the Pd-based catalysts. More broadly, in the field of catalysis, bimetallic
formulations have gained significant interest due to the synergistic effect
brought by the combination of the two metals.303-3%6 The presence of a second
metal can tune the electronic properties, the morphology and the stability of
the nanopatrticles, resulting in enhanced catalytic performance compared to
their monometallic counterparts.1®” The physical and chemical characteristics
of bimetallic nanopatrticles are strongly influenced by the spatial organization,
atomic arrangement, and the proportion of each atom. These properties can
be finely tuned by adjusting the nanoparticles composition. Consequently,
significant efforts have been dedicated to the synthesis of bimetallic
nanocrystals with precisely defined structure.3%

Numerous chemical techniques have been developed to synthesize
supported bimetallic nanoparticles catalysts, offering various degrees of
control over the formation of these metal interactions. Among these
technigues, the most commons involve (i) the preformation of the bimetallic
nanoparticles in solution following by their deposition on a support, and (ii) the
impregnation of the precursor salts onto the support — either simultaneously
(co-reduction) or as a sequence (successive reduction).3® However, these
techniques suffer from a limited control over the final nanoparticle composition
and structure, resulting in a lack of homogeneity between the different
particles.3%° Dash et al. for example reported the synthesis of AuPd(1:1)/TiO2
by co-reduction of Au and Pd. 310 The final material exhibited nanoparticles
with a non-uniform composition as gold was mainly found in the larger
particles. Another significant drawback of these protocols is that they heavily
rely on both the interactions between the support and the metals, and the
surface characteristics of the support.3** On the other hand, as it was stated
and demonstrated previously, silica supports typically have poor affinity with
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noble metals making the synthesis of supported bimetallic nanoparticles on
silica even more challenging.

As shown by the work carried out in our laboratory for Au, Pt, Pd, and Cu
(see Chapter 2 of this dissertation,28” as well as Paris et al.?2” and Pampararo
et al.19), it is possible to incorporate a metal salt directly into silica particles,
while they are being formed by sol-gel reactions assisted by aerosol
processing, and to subsequently provoke the controlled exsolution of the
metal to form small metal nanoparticles strongly embedded in the silica matrix
and yet surface-accessible for catalysis. Possibly, the metal can be located in
the pores (in the surfactant micelles) or at the micelle-silica interface, as it is
probably the case for MPTMS-stabilized synthesis of Au-SiO2 as discussed
above. In any case, these strategies are very different from those implying the
impregnation, and evidence accumulate to show that resulting NPs properties
(size, stability, activity) can be very different from what is obtained via more
classical preparation methods.

The synthesis of bimetallic compounds using the aerosol processes was
already reported in the literature.3'2-314 However, reports of the synthesis of
supported bimetallic nanoparticles, especially on silica, using this technique
are scare. In their work, Wang et al. developed an innovative aerosol drying
impregnation (ADI) method to support bimetallic nanoparticles of various
metals on a suspension of pre-formed SiO:2 particles.3'®> They relied on the
rapid drying to minimize the aggregation and obtain uniform highly dispersed
well-alloyed nanoparticles with ultra-small sizes (1.4-2.2 nm) . Their control
over the composition and size of these nanoparticles was achieved by
adjusting the precursor amount in the aerosol. However, in this study, the
silica support was already preformed and the aerosol was actually used as an
impregnation technique of the bimetallic compounds. Moving further, Hong et
al demonstrated the one-pot aerosol synthesis (at 700°C) of CoFe bimetallic
oxides embedded within SiO2 microspheres — starting by a solution of their
respective precursors.316 Unfortunately, this material was not thoroughly
studied as it was just used as a substrate for the further growth of N-doped
carbon nanotubes and then removed.

In the last chapter of this work, we focused on the aerosol-assisted sol-gel
synthesis method to prepare bifunctional catalysts combining bimetallic AuPd
nanoparticles and Sn, targeting the cascade conversion of glycerol to methyl
lactate. We also extended the strategy developed in the second chapter to
study the formation of Pt and Pd nanoparticles — as they are less expensive
metals than gold — in the AASG process in the presence of Sn. To the best of
our knowledge, the one-pot of bimetallic nanoparticles embedded on a mixed
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oxide — especially with SiO2 — using the AASG process has never been
reported.

4.2. Experimental section

The reader is directed to the EXPERIMENTAL SECTION (p. 54-59) for
general procedures of characterization. Here, only the methods specifically
implemented in this chapter are presented.

4.2.1. Catalyst preparation

Briefly, solution A was prepared by mixing 12 g of TEOS (or 95 mol.%
TEOS and 5 mol.% of MPTMS when the sample was synthesized with
MPTMS) with 20 g of acidified water (HCI, 0.01M). In a second vessel, 3.88 g
of Pluronic F127 was dissolved in 45 g of absolute ethanol and 8 g of
deionized water. The two solutions were kept overnight under stirring at room
temperature. The metal precursors (PdClz or (NHas)2PtCls, and then
SnCls-5H20) were then added to solution A to reach the targeted loading
(noble metals: 1-2%, tin: Si/Sn ratio = 74). The resulting solution was stirred
for 10 minutes between each addition and then added to solution B and stirred
for another 30 minutes. The mixture was atomized with a 6-Jet 9306A
atomizer from TSI (operating at 30 psi) and the droplets formed were dried by
passing through a tubular quartz tube heated at 350°C. The powder was
recovered on a cellulose nitrate filter (pore size: 0.45 um) then dried at 80°C
overnight. The resulting sample was calcined under flowing H2(5%)/Ar (100
mL.mint) at 550°C for 6 h (1°C.min%). The successful removal of the
surfactant under these conditions was confirmed by TGA analysis (See
ANNEX 1, Figure A.1.2). When AuPdSn material was synthesized, the
amount of Au and Pd were added to target a total loading of 1% (Au:Pd = 1:1).

4.2.2. Catalytic tests

Catalytic cascade tests for the transformation of glycerol to methyl lactate
were performed in a 160 mL Parr stainless steel autoclave reactor equipped
with a Teflon liner. In a typical experiment, a solution of glycerol in methanol
(0.125 M, 20 mL) was loaded with 68 mg of dodecane (used as GC internal
standard) and a chosen amount of catalysts. The reaction was performed
under 15 bar of air (used as oxidant) under vigorous stirring at 160°C. After a
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selected time, the reactor was cooled down in a cold bath and the reaction
mixture was centrifuged to separate the catalyst.

4.3. Results and discussion

4.3.1. Pd- and Pt-SnSiO2 bifunctional systems

Different catalysts were synthesized, maintaining a molar ratio for Si/Sn =
74, while Pt and Pd were incorporated to reach a 1 wt.% or 2 wt.% loading.
For each material — as for the monometallic Pt(1)SiO, and Pd(1)SiO,
presented in chapter 2 — two formulations were tested, one without MPTMS
and one with 5 mol.% of MPTMS. As it was observed for the monometallic
materials, the fresh PtSnSiO, and PdSnSiO, samples synthesized with
MPTMS displayed yellow / orange color, corresponding to the color of the
metal precursor used during the synthesis. This observation suggested that
the nanoparticles were not yet formed at this stage of the synthesis. Once
calcined, the powders became grey / black which led to think that metallic
nanoparticles were formed. In contrast, when MPTMS was absent, the fresh
powders already exhibited a dark color, indicating that the formation of metallic
nanoparticles already occurred during the aerosol process.

ICP analyses were conducted to confirm the successful incorporation of
metals (Pd or Pt and Sn) in the various synthesized materials (Table 4.1). The
experimental metal content in each material closely matched the targeted
loading, indicating a good incorporation during the aerosol synthesis. In the
case of the Pt-based catalyst, there was a slight decrease in the metal content,
which can be attributed to the decomposition of the Pt precursor during
storage over time. Furthermore, the atomic bulk ratio of Si/Sn consistently
achieved a reasonable value, close to the targeted nominal ratio (Si/Sn = 74).
This result serves as evidence of the effective incorporation of metals in the
catalysts during the aerosol process.
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Table 4.1. Bulk and surface metal content in the bifunctional materials,
measure by ICP and XPS.

Bulk Pd Bulk Surface Bulk

or Pt atomic Pt or Pd atomic

content Si/Sn content Si/Sn

(Wt.%)2 ratio? (Wt.%)P ratioP
Pd(1)SnSiO:2 1.28 87 0.72 70
Pd(1)SnSiO2 MPTMS 1.31 81 0.69 70
Pt(1)SnSiO:2 0.77 79 0.86 36
Pt(1)SnSiO2 MPTMS 0.81 75 0.38 55
Pt(2)SnSiO:2 1.60 80 1.44 32
Pt(2)SnSiO2 MPTMS 1.58 73 0.72 98

a Measured by ICP
b Measured by XPS

The textural properties of the different materials were assessed by Na-
physisorption (Figure 4.1, Table 4.2). The BET surface area, as well as the
pore size and the pore volume of the Pt-based catalysts remained stable
between the different samples whether MPTMS is added in the synthesis or
not. These values were comparable to those obtained for AuSn catalyst. Each
catalyst displayed Type IV isotherms with H2-type hysteresis, indicating the
presence of interconnected bottleneck pores. Additionally, all materials
exhibited a narrow pore size distribution (Figure 4.1 inlet). These indicate that
the nature of the metal, the metal loading or the presence of MPTMS did not
have a significant impact on the successful formation of the Pluronic F127
micelles during the EISA phenomena in the aerosol process. When comparing
these results to the ones obtained with the monometallic materials (Table 2.1),
a small decrease of the pore volume is observed. Interestingly, in the
bifunctional catalysts the shape of the isotherms of the bifunctional catalysts
remained quite similar, whether the sample contained MPTMS or not, which
was not the case with the monometallic materials (Figure 2.14). Moreover,
while the BET surface area was higher for the MPTMS-containing samples in
the monometallic materials, an opposite trend is observed in the bifunctional
materials.
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Figure 4.1. Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of (A) Pt catalysts: Pt(1)SnSiO; (e), Pt(1)SnSiO, MPTMS
(@), Pt(2)SnSiO; (®) and Pt(2)SnSiO, MPTMS (e); and (B) Pd catalysts:
Pd(1)SnSiO; (») and Pd(1)SnSiO, MPTMS (e). Inserts show BJH pore size
distribution analysis obtained from the adsorption isotherms.
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Table 4.2. Textural properties of the different bifunctional catalysts.

BET surface BJH Pore Micropore
area (m2.g%) pore volume volume
size (cm3.g?l) (cmd.g?l)

nm
Au(1)SnSiO2 MPTMS 440 ( 5 : 0.45 0.11
Pd(1)SnSiO2 580 5 0.43 0.14
Pd(1)SnSiO2 MPTMS 320 6 0.33 0.06
Pt(1)SnSiO2 480 9 0.45 0.11
Pt(1)SnSiO2 MPTMS 370 6 0.40 0.07
Pt(2)SnSiO2 440 5 0.44 0.11
Pt(2)SnSiO2 MPTMS 460 6 0.49 0.10
AuPdSnSiO2 MPTMS 460 5 0.42 0.11

The samples were investigated by XRD to gain more insight on the
nanoparticle’s formation, their chemical composition and their crystallite
structure. The diffractograms of the fresh catalysts (after the aerosol
synthesis) and after calcination (at 550°C, 1°C.min-1) are displayed on Figure
4.2. For all the materials, as it was previously stated in the other chapters, the
broad peak found from 26 = 15° to 30° corresponds to the amorphous silica
support. A light shift of this peak was observed after calcination in all samples,
which was attributed to a small shrinkage of the silica structure after the
micelles were removed and the porosity released. The two peaks observed in
the silica peak of the fresh Pt(1)SnSiO, MPTMS came from the F127
surfactant.

Several characterizations were used to identify the nature of the
nanoparticles in the different catalytic systems (XRD, EXAFS and XPS). For
a better understanding, the results were divided in two sections: phase
identification of Pd- and Pt-SnSiO: bifunctional systems synthesized without
MPTMS and phase identification of Pd- and Pt-SnSiO: bifunctional systems
synthesized with MPTMS. It is noteworthy to remind that the MPTMS was
added in the aerosol synthesis to hopefully stabilize the Pd and Pt precursor
and was removed during calcination.

Phase identification of Pd- and Pt-SnSiO; bifunctional systems
synthesized without MPTMS

The fresh Pd(1)SnSiO, XRD pattern (Figure 4.2) clearly presented the
characteristic diffraction peaks of metallic palladium. The size of the metal

nanoparticles, calculated on the 26 = 40°, reached 4.5 nm which is actually
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almost the same size measured on the fresh Pd(1)SiO, sample. Similarly, in
the fresh Pt(2)SnSiO, diffractogram, the peaks corresponded to metallic Pt
with a crystallite size of 2 nm. Interestingly, the diffractogram of these sample
drastically changed after calcination. According to the identification software
Diffrac.eva, and in good agreements with reports in the literature,317-319 the
peaks observed in calcined Pd(1)SnSiO; corresponded to a PdsSn:
intermetallic phase. The intermetallic nanoparticles had a diameter of 7.7 nm
(estimated on the 26 = 58.2° peak), in the same range of the size obtained
with the monometallic sample. Pt(1)SnSiO, and Pt(2)SnSiO, both exhibited
a small and broad peak at 26 = 41°, possibly related to hexagonal PtSn,
although with uncertain identification. The very weak signal was attributed to
the low Pt loading and the formation of very small nanoparticles due to the Pt
enhanced resistance to sintering (Tammann temperature = 741°C).
Unfortunately, the size of these crystallites could not be measured.

In the absence of MPTMS, it appeared that metallic Pd and Pt
nanoparticles were already formed during the aerosol synthesis in the fresh
catalysts. However, after calcination, the nature of the nanoparticles was
completely changed to form intermetallic compound: PdsSnz and PtSn. Their
respective sizes were in good agreement with the results of the metallic
nanoparticles Pd and Pt observed in the monometallic compounds.

145



Pd(1)SnSio, f’*\ Pd(1)SnSi0, MPTMS
a 3 \
©
g = T
C —
g 2
o N | 8
£
0 20 40 60 80 100 0 20 40 60 80 100
20 (°) 26 (°)
Pt(1)SnSiO, /a Pt(1)SnSiO, MPTMS

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

0 20 40 60 80 100 0 20 40 60 80 1
26 () 26(%)

o

0

Pt(2)SnSiO, Pt(2)SnSi0, MPTMS

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

0 20 40 60 80 100 0 20 40 60 80 100
20 (°) 26 (%)

Figure 4.2. X-ray diffractogram of the different PtSn and PdSn catalysts with
and without MPTMS. The blue curve corresponds to the fresh catalyst and the
red curve to the calcined material.

XANES and EXAFS analyses were performed to better understand the
XRD results and to get selective information about the Pd and Pt environment.
Each calcined sample was therefore tested and compared to a Pd and Pt foil
as a reference.

The normalized XANES spectra of the Pd-based samples and a Pd
reference foil are displayed in Figure 4.3 A. The distinct XANES spectra of the
Pd(1)SnSiO, sample compared to the Pd reference foil suggested that the Pd
environment differed from that of bulk Pd, with very reduced contributions from
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Pd-Pd distances. Furthermore, notable differences were observed between
the XANES spectra and EXAFS functions (Figure 4.3 B) of this sample and
the Pd reference indicating variations in their respective Pd environments. It
should be noted that the Sn-K-edge (See ANNEX 3) of Pd(1)SnSiO; also
exhibited a different behavior when compared to the other samples. There
might be several contributions to take into account to explain these results,
but it seemed reasonable to attribute the differences between the sample and
the reference foil as due to the nanoparticles interacting with the Sn atoms.
According to Chen et al., the formation of the PdsSn. intermetallic phase
resulted in a shift of the XANES curve towards lower energy, which aligns with
the results obtained with Pd(1)SnSiO, and its corresponding X-ray
diffractogram.318

Figure 4.4 shows the XANES and EXAFS analysis of the calcined Pt-Sn
bifunctional catalysts and a Pt reference foil. As it was observed for Pd, the
sample, XANES spectra are very different from the Pt reference foil,
suggesting that the Pt environment in the samples were different to that of
bulk Pt, with reduced contribution from Pt-Pt distances. In the work of Uemura
et al, they mention the complexity to identify and separate PtsSn2 and PtSn
and find a correct fitting with these intermetallics.3?° When comparing their
results to the ones obtained in this work, the samples without MPTMS could
correspond to a slightly oxidized PtSn phase.

To conclude, the XANES and EXAFS results gave more insight on the
environment of the Pd and Pt atoms, and more particularly on the fact that the
Pt-Pt and Pd-Pd contributions were very reduced, attesting the absence or the
low amount of pure metallic nanoparticles formed — which confirmed the XRD
results. It is reasonable to say that in the absence of MPTMS, intermetallic
compound — PdsSnz and PtSn — were formed
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Following these results, XPS analysis were performed to study the surface
composition, but also the chemical state of the different elements. (Figure 4.5,
Table 4.3). The Sn3d, Pd3d and Pt4f regions were studied and the
quantification was performed on their corresponding Sn3ds», Pd3ds2 and
Pt4f72 peaks.
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Figure 4.5. XPS spectra of the (A) the Sn3d region and (B) the Pd3d region
of Pd(1)SnSiO; (») and Pd(1)SnSiO2, MPTMS (e); and XPS spectra of (C) the
Sn3d region and (D) the Pt4f region of Pt(1)SnSiO- (e), Pt(1)SnSiO, MPTMS
(), Pt(2)SnSiO; () and Pt(2)SnSiO, MPTMS (e). For all the different metals,
the black dotted curves and lines are the deconvolution and theoretical value
of metallic compounds while the grey dotted curves and lines stand for their
corresponding oxides.

The Sn3d region of all the catalysts without MPTMS showed the same
trend (i.e. an enlargement of the Sn3ds/2) caused by the presence of two types
of Sn — one metallic (BE ~ 485 eV) and one oxide (BE ~ 486.6 eV) — that were
visible in Figure 4.5 A, C. While the component of oxidized Sn was attributed
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to tin in Sn** state, hence incorporated in the silica framework, the presence
of metallic tin was ascribed to the formation of Pd-Sn / Pt-Sn nanopatrticles. It
is noteworthy to mention that in the case of Pt-based materials, the metallic
component of tin is limited. These results, aligned with the XRD and EXAFS
analysis, confirm that when MPTMS is absent of the aerosol synthesis, the
noble metal (Pd or Pt) formed intermetallic particles with Sn. These results are
also consistent with reports found in the literature for PtSn and PdsSn:
species.318:319.321-323 The Pd3d and Pt4f regions in these samples were only
found in their metallic states (BE = 335.4 eV for Pd and BE = 71.1 eV for Pt)
(Figure 4.5 B, D). The composition of the surface was calculated (Table 4.1)
and reached a surface content of Pt and Pd close to the targeted loadings.
For tin, the experimental surface ratio Si/Sn of Pd(1)SnSiO; was also close to
the nominal ratio. However, this ratio was highly reduced for the Pt-based
materials. This meant that the amount of tin at the surface was higher in these
catalysts. This result was attributed to the formation of the intermetallic
compounds, leading to an inhomogeneous distribution of the Sn in the
microspheres, with a higher amount at their surface.

Considering the XRD, EXAFS and XPS analysis, we have now a better
insight on the nanoparticle’s nature. While the Pd(1)SnSiO, shows the
presence of a PdsSnz intermetallic phase, for the Pt(1) and Pt(2)SnSiO,, the
PtSn phase was formed

Phase identification of Pd- and Pt-SnSiO; bifunctional systems
synthesized with MPTMS

The samples containing-MPTMS showed the same trend in their XRD
results as it was observed for the monometallic samples (see Chapter 2,
section 2.3.2) with almost no peaks visible in the fresh or the calcined
materials (Figure 4.2). It is unclear if the small broad peak observed at 26 ~
40° in the fresh samples Pd(1)SnSiO,; MPTMS and Pt(2)SnSiO,; MPTMS
corresponded to hanoparticles formed in these materials. After calcination, the
same broad peak was observable in both samples, with no significant change
in their positions or shapes. However, it was uncertain if they could be
attributed to the metallic Pd or Pt, in the absence of other distinctive peaks.
They may potentially correspond to the primary peak of the intermetallic
compounds PdSn or PtSn, but with no evident certitude.317324 PdO might also
be a suitable fit.32> Overall, the X-ray diffractograms of the MPTMS containing
samples did not give enough information to precisely determine the
nanoparticle’s nature. However, the nanoparticles formed were very small and
highly dispersed, to the point that their size could not be measured.
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XANES and EXAFS analysis were also performed on these samples
(Figure 4.3 and Figure 4.4). When comparing the samples synthetized without
MPTMS to the ones with MPTMS, differences among the samples were also
noticeable indicating variations in their respective Pd and Pt environments.
Since no evidence of Sn-Pd distances were evidenced at the Sn K-edge for
Pd(1)SnSiO; MPTMS (See ANNEX 3), we considered that the formation of
Pd-Sn intermetallic compounds was limited in this sample. Similar XANES
spectra with peaks at slightly higher energy were found in the literature and
were assigned to the formation of PdO species (Figure 4.3).326-328 \When
considering the aforementioned results and the XRD, it became evident that
the addition of MPTMS during synthesis hindered the formation of intermetallic
PdsSnz nanoparticles. Instead, it promotes the creation of significantly smaller
nanoparticles, which could either be PdO nanoparticles or metallic Pd
nanoparticles with PdO species at their surface.

For the Pt-based catalysts, unfortunately, no clear identification was found
in the presence of MPTMS (Figure 4.4). More interestingly, the difference
between the samples without and with MPTMS were also highlighted, with
noticeable differences in the interactions of the metal atoms with Sn.
Regarding the results observed for Pt-based materials explained above, and
comparing them to the MPTMS-based materials, we believe that different
phases might be coexisting. Since no evidence of Sn-Pt distances were
demonstrated at the Sn K-edge (See ANNEX 3: Sn-K Edge XANES and
EXAFS analyses) for any of the Pt containing samples, it is possible that only
a very limited amount of Sn atoms interacts with Pt as the Sn atoms are in
excess. Further analysis by EXAFS would be needed to get quantitative
information, which can be done by fitting the data with suitable models.

Regarding the XPS analysis of the samples in which MPTMS was added
during the aerosol synthesis, a completely different tendency was observed
than for the MPTMS free catalysts (Figure 4.5). The Sn3d peak only exhibited
one component — the one of Sn** — suggesting that in these samples, the tin
was successfully and entirely incorporated in the silica framework (Figure 4.5
A, C). On the other hand, Pd and Pt were mainly found in their metallic state,
but their respective peaks were also shifted, suggesting the presence of
another chemical state (Figure 4.5 B, D). For the Pd(1)SnSiO,; MPTMS
catalyst, the other component was found at 336.4 eV, which corresponded to
oxidized Pd. It is possible that in this sample, the Pd nanoparticles were
partially oxidized, as it was previously hypothesized with the EXAFS and XRD
results. Similar results were obtained for Pt(1)SnSiO, MPTMS and
Pt(2)SnSiO, MPTMS, with the contribution of the PtO ~72 eV.3° The
quantification of the different metal at the surface showed that Pd and Pt
experimental loadings were reduced when working with MPTMS (Table 4.1).
Such results were already observed when working with gold. The Si/Sn ratio
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in Pd(1)SnSiO> MPTMS reached a value close to the targeted one. However,
this ratio in the Pt-catalysts was reduced.

Considering the XRD, EXAFS and XPS analysis, we concluded that the
samples synthesized in the presence of MPTMS had low interactions between
Pd or Pt and Sn, but rather formed metallic nanoparticles partially oxidized.

Acidity assessment

The sample's acidity, normally brought by the successful incorporation of
tin in the silica as intra-framework Sn"V, was evaluated through pyridine
adsorption and FTIR spectroscopy. A standard SnSiO, sample (Si/Sn = 74)
synthesized by aerosol was also analyzed to have a better comparison with
the bifunctional materials (Figure 4.6). The presence of a band at 1455 cm™!
in the spectra indicates the successful integration of Lewis acid sites, and
consequently, tin active sites, in the samples. No Brgnsted acidity was
detected in any of the materials (no peaks found at 1545 cm-1).
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Figure 4.6. FTIR spectra after pyridine desorption at 150 °C for 2 hours of
SnSiO; (o), Pt(1)SnSiO; (o), Pt(1)SnSiO; MPTMS (e), Pt(2)SnSiO; (e) and
Pt(2)SnSiO, MPTMS (e); and (B) Pd catalysts: Pd(1)SnSiO, (¢) and
Pd(1)SnSiO; MPTMS (e); and AuPdSnSiO2 MPTMS (e). B = band
corresponding to Brgnsted acid sites; L = band corresponding to Lewis acid
sites.
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The amount of Lewis acid sites was calculated in the different materials
based on the area of the band at 1455 cm! in the FTIR spectra corresponding
to the amount of pyridine still adsorbed at the surface of the pellets after a
desorption at 150°C (Table 4.3). SnSiO2, as mentioned in Chapter 3, exhibited
a surface density of Lewis acid sites of 36 umol.g*. Surprisingly, in almost all
the bifunctional materials, this value was reduced. In the Pd-Sn based
catalysts, a significant reduction of approximately 42% of the amount of Lewis
acid sites was observed, with almost no difference whether the sample
contained MPTMS or not. For the Pt-Sn samples, a clear difference was
observable when the samples contained MPTMS or not. In the absence of
MPTMS, the surface density of Lewis acid sites was reduced when compared
to SnSiOz. On the other hand, the values calculated for Pt(1)SnSiO, MPTMS
and Pt(2)SnSiO; remained very close to our reference, implying that in these
materials, the Sn was successfully incorporated in the framework rather than
forming an intermetallic compound with the platinum in these materials.

These results were actually correlated with the results obtained by EXAFS
and XPS analysis. Indeed, without MPTMS, the formation of the bimetallic
compounds led to a reduction of the Sn responsible for the Lewis acid sites
while when MPTMS was added to the synthesis process, the intermetallic
formation was prevented and the tin was fully incorporated as part of the silica
framework. The only sample that did not follow this trend is Pd(1)SnSiO-
MPTMS. It was possible that the very small Pd NPs hindered the access of tin
sites, reducing their accessibility.

Table 4.3. Lewis acidity measured via the FTIR spectra after pyridine
desorption at 150°C.

Samples Lewis acidity (umol.g1)
SnSio:2 36.0
Pd(1)SnSiO:2 21.2
Pd(1)SnSiO2 MPTMS 20.8
Pt(1)SnSiO2 29.4
Pt(1)SnSiO2 MPTMS 37.9
Pt(2)SnSiO2 23.2
Pt(2)SnSiO2 MPTMS 29.5
AuPdSnSiO2: MPTMS 33.2
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Samples morphology

Transmission electron microscopy was used to have a better idea of the
morphology and structure of the different catalysts (Figure 4.7). Image of the
samples containing 1 wt.% of Pt could not be measured, but we strongly
believe that their morphology should be close to the one of the 2 wt.%. All the
materials consisted of the characteristic microspheres usually obtained with
the aerosol-assisted sol-gel process (as it was already demonstrated in the
previous chapters). The interconnected porosity, resulting from the removal of
Pluronic F127 (i.e. the templating agent used in the synthesis) was observable
in each sample.

The nanoparticles were observable for the samples synthesized without
MPTMS - Pd(1)SnSiO, and Pt(2)SnSiO; — with a mean size of 6.5 and 3 nm
respectively, which was consistent with the XRD results. As for the samples
that were synthesized in the presence of MPTMS, the nanoparticles were very
hard to observed. Some were found at the surface microsphere (as pointed
with the red arrows in the pictures). In Pd(1)SnSiO, MPTMS, very small
nanoparticles were observed (Figure 4.8, left image) with a diameter below 2
nm, confirming their formation, and the XRD results. We expect similar results
for Pt(2)SnSiO, MPTMS but we could not manage to observe them during
analysis.
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Pd(1)SnSiO,

Pt(2)SnSiO, Pd(1)SnSiO, MPTMS

Pt(2)SnSiO, MPTMS

Figure 4.7. Transmission electron microscopy analysis of the different
bifunctional materials and HAADF (top right picture) (measure with a Philips
Tecnai 20). Nanopatrticles are showed with red arrows.
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4.3.2. AuPdSnSIiO2 system

Tang et al reported excellent catalytic performance in the cascade reaction
when working with supported AuPd bimetallic nanoparticles and Sn-MCM-41-
XS (see in the introduction, section 3.2. Mechanical mixture for the cascade
reaction).19” Based on these results, we decided to further complexify our
material, with the idea to combine Au-Pd intermetallic nanoparticles as the
active site for the reaction 1 and Sn-SiO2 mixed oxide for the reaction 2. Such
material was synthesized in one-pot, still using the AASG process. The two
noble metal precursors (for Au and Pd) were added in the synthesis to reach
a total metal loading of 1 wt.% (Au/Pd ratio 1:1), along with the Sn precursor
(Si/Sn = 74). The resulting mixture was processed, dried and calcined under
the same conditions as the other materials. Considering the challenge of
stabilizing gold during synthesis (see Chapter 2), this material was only
synthesized with the addition of MPTMS in the synthesis.

The elemental composition of this material could not be determined by ICP.
However, based on the consistently successful incorporation of the various
metals using the aerosol-assisted sol-gel process (as the many results
presented in this work demonstrated), we anticipated that the experimental
loading of Au, Pd, and Sn would be very close to the targeted loading.

The textural properties of this samples remained very close to the one of
the other bifunctional materials (Figure 4.8 A, Table 4.2), demonstrating that
the addition of a third metal in the synthesis did not impact the texture of this
material. The XRD pattern of the fresh sample showed no peak, except for the
broad peak of amorphous silica. When calcined, a small broad peak around
26 ~ 40° is visible, which could correspond to (111) facet of Au-Pd (Figure 4.8
B).330 However, the absence of the other characteristic peaks made the
identification rather difficult, and it could also be the diffraction of isolated Au
and Pd nanopatrticles. The observed X-ray diffractogram was actually very
close to the one observed for Pd(1)SnSiO2 MPTMS, so it is expected that the
formation of very small nanoparticles highly dispersed in the microspheres as
it was the case of this sample.
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Figure 4.8. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms of AuPdSnSiO, MPTMS; in inserts show BJH pore size
distribution analysis obtained from the adsorption isotherms. X-ray
diffractogram of fresh (blue curve) and calcined (red curve) AuPdSnSiO;
MPTMS.

XPS analysis were performed to study the surface composition of
AuPdSnSiO, MPTMS. The gold spectra exhibited two peaks at 83.7 and 87.4
eV corresponding to the Au4fzz2 and Audfsz which corresponded to Au°
oxidation state (Figure 4.9 A). Palladium was also detected in its metallic state,
with the peaks Pd3dsz and Pd3ds. found at 335.5 and 340.8 eV (Figure 4.9
B). The presence of tin was observed solely in the Sn4+ chemical state (BE ~
487 eV), confirming its incorporation in the silica framework (Figure 4.9 C).
The small shift toward lower binding energy observed for gold might result
from alloy formation.'®” However, it is difficult to conclude on the bimetallic
character of the nanoparticles (or if they are present as isolated Au and Pd
nanoparticles) due to the binding energy of Pd that was found precisely at the
value of Pd° state. Interestingly, the addition gold in the aerosol synthesis
seemed to prevent the presence of PdO species when compared to the
Pd(1)SnSiO, MPTMS sample. The content of palladium and gold at the
surface was estimated at 0.46 wt.% and 0.24 wt. respectively. While the value
for Pd was very close to the nominal loading (0.5 wt.%), the one of gold was
slightly decreased (0.5 wt.% targeted), attesting for a heterogeneous
distribution of the gold compared to palladium in the microspheres. The Si/Sn
atomic ratio at the surface reached 70 which was very close to the targeted
ratio (Si/Sn = 74).
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Figure 4.9. XPS spectra of the different region (A) Au4f, (B) Pd3d and
(C)Sn3d of AuPdSnSiO, MPTMS. The theoretical binding energy of Au®, Pd°
and Sn#* oxidation states are shown in with the black dotted lines.

In this material, the density of Lewis acid sites reached 33.2 pmol.g-1, which
was very close to the SnSiO, value (Table.4.3, Figure 4.6). Combined with
the XPS results, this strongly confirmed that all the tin was incorporated in the
silica framework, bringing the Lewis acidity necessary for the second step of
the cascade reaction. This also confirmed that the tin did not interact with any
of the metal.

The morphology of the sample was analyzed by TEM (Figure 4.10). The
structure of AuPdSnSiO, MPTMS was very similar to the one of the other
bifunctional materials, consisting of well-defined microspheres with
interconnected pores. Nanoparticles were observed at the surface of the
microspheres with diameter of around 3.5 nm. However, considering the XRD
results, we believe that smaller nanoparticles could also be found in the
material (like it was observed for Pd(1)SnSiO, MPTMS).
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Figure 4.10. Transmission electron microscopy analysis of AuPdSnSiO;
MPTMS (measured with a Philips Tecnai 20 microscope). Nanopatrticles are
showed with red arrows.

4.3.3. Catalytic test

The different materials were tested in the catalytic upgrading of glycerol to
methyl lactate. The catalytic performances of the bifunctional catalysts were
first compared after 2 hours to target the initial rate of the reaction Figure 4.11,
top) and after 6 hours (Figure 4.11, bottom).

The Pd-based catalysts showed almost no difference of catalytic
performance whether the sample contained MPTMS or not, and between 2
and 6 hours. Additionally, the conversion and yield toward ML were not
improved when compared to the results obtained for the monometallic PdSiO2
and PdSiO, MPTMS (Figure 2.17). Such observations were mainly attributed
to the reduced amount of Lewis acid sites in these materials (Table 4.3), but
also the presence of rather large PtsSnz nanoparticles in Pd(1)SnSiO; (g =
7.7nm) and the presence of PdO in Pd(1)SnSiO; MPTMS.

When comparing the PtSn catalysts without MPTMS, the Pt(1)SnSiO:2
displayed very poor conversion, even after 6 hours of reaction. Increasing the
amount of platinum in the sample to 2 wt.% highly improved the catalytic
performance, reaching a glycerol conversion of 44% and a ML vyield of 34%
after 2 hours, increasing to 68% and 60% after 6 hours.
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In the presence of MPTMS, Pt(1)SnSiO, MPTMS exhibited the best
catalytic performance after 2 hours and good performance after 6 hours. Very
good catalytic results were also obtained with Pt(2)SnSiO, MPTMS after 6
hours. However, increasing the amount of Pt in these materials did not
improved the glycerol conversion and even impaired the ML yield. Such
results were also observed for gold with a decrease of the selectivity and
therefore the yield when the gold loading was higher, mostly due to higher
overoxidation rate on the noble metal.
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Figure 4.11. Catalytic performance of the different materials synthesized in
this chapter. The data of Au(1)SnSiO2 (MPTMS) were added to have a
comparison. Reaction conditions: T = 160°C, pair = 15 bar, 0.125 M glycerol
in methanol, and GLY/Catalyst ratio = 1.15 (w/w). Each measure has an error
of + 5%.

From a selectivity point of view, Pt(1)SnSiO, MPTMS and Pt(2)SnSiO;
were also the best catalysts with a selectivity > 85% and > 75% respectively.
It is unclear why these two catalysts showed the best performance. Indeed,
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these results cannot be related to the amount of Lewis acid sites (37.9 umol.g-
L for Pt(1)SnSiO, MPTMS and 23.2 umol.g* for Pt(2)SnSiO,), the amount of
Pt (1 and 2 wt.%); the nanoparticle’s nature (Pt/Pt-O and PtSn) or their size.
It is believed that it is a combination and a good balance of these different
parameters that brought the better catalytic performance. However, other
tests should be performed to have a deep understanding of these catalytic
systems and these results.

The AuPdSnSiO, MPTMS catalyst did not show a significant improvement
of the catalytic performance after 2 hours when compared to Pd(1)SnSiO;
MPTMS or Au(1)SnSiO2-MPTMS. The catalyst after 6 hours even showed no
increase of the glycerol conversion, most probably due to the fast deactivation
of the catalyst.

Overall, the bifunctional catalysts developed in this chapter displayed
better initial catalytic activity (after 2 hours) than the one of Au(1)SnSiO..
However, after 6 hours, this latter exhibited the best catalytic performance,
suggesting a better resistance toward deactivation.

4.4. Conclusion

Bifunctional materials combining gold-palladium, palladium or platinum
and tin silicate microspheres were synthesized in one step leveraging on the
aerosol-assisted sol-gel process. The impacts of adding of a stabilizer —
MPTMS - in the synthesis was thoroughly investigated in the Pt- and Pd-
based materials. All the catalysis exhibited advantageous textural properties
with high surface area and large pore volume. Interestingly, the nature of the
nanoparticles formed in the different materials was highly impacted by the
presence of the stabilizer. In its absence, the noble metal was prone to form
intermetallic compound with tin (PdsSnz and PtSn), resulting in the partial
reduction of the density of Lewis acid sites (initially brought by the successful
incorporation of Sn in the silica framework). On the other hand, the formation
of partially oxidized Pt and Pd metallic nanoparticles and the insertion of tin
species in the silica framework generating abundant Lewis acid sites was
favored when the materials were synthesized with the stabilizer. The
nanoparticles in these catalysts were very small (3 < 2 nm) and highly
dispersed in the tin-silicate microspheres. Thus, we evidenced the role of
MPTMS to maintain the intrinsic properties of the two catalytic sites and
prevent them from interacting. We demonstrated that even in the presence of
a third metal in the aerosol synthesis to obtain AuPdSnSiO2 MPTMS, the
intrinsic properties of each metal were preserved. The bimetallic nature of the
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AuPd nanoparticles could not be confirmed or excluded. The resulting
catalysts were all active in the glycerol transformation to methyl lactate.
Pt(1)SnSiO2 MPTMS and Pt(2)SnSiO: displayed excellent catalytic activity in
the cascade reaction, with an increased selectivity to ML when compared to
the Au(1)SnSiO2 MPTMS presented in Chapter 3. However, further catalytic
tests should be performed to better understand the origin of this catalytic
boost. While the chapter 2 highlighted the importance of using a stabilizer to
prevent the formation of large gold nanopatrticles, this chapter emphasizes its
potential to maintain the intrinsic properties of each metal when synthesizing
bifunctional materials in one step by AASG process.
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GENERAL CONCLUSION

In this thesis, the design of bifunctional catalysts via the aerosol-assisted
sol-gel (AASG) process for the direct conversion of glycerol to methyl lactate
was investigated. Specifically, the synthesis of materials combining noble
metal nanoparticles supported on metallosilicates was targeted. However,
challenges arose from working with noble metal nanoparticles and silica,
especially considering the difficulty to stabilize the metal at the silica surface.
This often results in sintering, especially at elevated temperatures, due to the
nanoparticles' high mobility on the surface of the silica. Therefore, these
challenges needed to be addressed first. In this thesis, the following
observations, conclusions and findings were made:

(i) The synthesis of gold-silica catalysts using the (AASG) process is
possible. Their synthesis can be achieved by two different routes: (1) a two
steps procedure implying the addition of colloidal gold in the aerosol process,
or (2) a one-pot procedure where the gold precursor is directly added to the
aerosol synthesis. During the two steps synthesis, the preformed gold
nanoparticles rapidly sinter during the aerosol processing to form large
nanoparticles, buried in the silica microspheres and therefore not available or
active in catalysis. In the one-pot route, the gold precursor is directly
decomposed during synthesis and form even larger nanoparticles, poorly
dispersed in the silica microspheres. The stabilization of the preformed gold
nanoparticles and the gold precursor during the aerosol processing is the key
to prevent the formation of large nanoparticles. The stabilizer, a thiol-
functionalized silane (MPTMS), is selected for its ability to incorporate the
silica framework upon polycondensation in the aerosol process. As a result, it
also acts as an anchoring point to reduce the mobility of the gold nanoparticles
at the silica surface upon thermal treatment. The resulting catalysts display
small nanoparticles (~3 nm) with strong resistance against sintering, uniformly
distributed within the silica microspheres. The size of the gold nanoparticles
could even be controlled by modulating the calcination temperature of the
catalyst. The availability of the gold nanoparticles, which is an important
parameter to control (especially during one-pot synthesis) is successfully
achieved in the presence of the MPTMS. The resulting catalysts are both
active in the oxidation of glycerol to dihydroxyacetone (DHA) in methanol, with
good selectivity, markedly outcompeting the benchmark catalyst prepared by
deposition-precipitation. It is noteworthy to mention that such transformation
was never reported in the literature and that the catalytic performance of our
materials could not be compared.
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(i) The addition of another catalytic species in the one-pot aerosol
synthesis to obtain an Au-SnSiO: bifunctional catalyst does not impact the
controlled formation of the gold nanoparticles. Similarly, the insertion of tin in
the silica framework, generating Lewis acid sites, is not impaired by the
presence of gold or MPTMS in the synthesis. The gold loading does not impact
the physicochemical properties of the catalysts or the gold nanopatrticles size.
The bifunctional materials are highly active in the cascade transformation of
glycerol to methyl lactate, with an optimum at 1wt.% of gold. The presence of
the two catalytic sites on one unique solid further enhances the catalytic
performance by efficiently directing the intermediate product (DHA) to the
subsequent reaction to form methyl lactate. In fact, the yield toward methyl
lactate significantly exceeds the yield of DHA observed when conducting only
the first reaction. Importantly, higher selectivity and yield are observed for the
bifunctional material, when compared with a corresponding mechanical
mixture. This emphasizes the role of site proximity in bifunctional catalysts to
efficiently run a cascade reaction.

(iif) The nature of the nanoparticles formed can be controlled by adjusting
the formulations of the aerosol solution. The ability of palladium and platinum
to form intermetallic compound with tin in the bifunctional catalysts is
observed, leading to a loss of catalytically active species — as the reduction of
the Lewis acid sites. The use of a stabilizer (MPTMS), as an anchoring point,
actually prevents the two metals to interact and allow to main their intrinsic
properties. In its presence, the active species are preserved. Even in the
presence of a third metal in the one-pot aerosol process, no interactions
between the metals is demonstrated. The different materials are catalytically
active in the cascade reaction and are highly selectivity to methyl lactate.

(iv) Overall, the results obtained in this thesis dissertation are considered
as valuable in the field of supported metal nanoparticles synthesis. The one-
pot synthesis strategy developed using MPTMS has already demonstrated its
effectiveness, not only with noble metals (Au, Pd and Pt) but also with non-
noble metals (Ni, Cu, Co). Finally, the control over the nanoparticle’s nature
(monometallic, intermetallic), is also demonstrated, leveraging on the
segregation of the metal by the use of the stabilizer. In this regard, the aerosol-
assisted sol-gel technique stands out as a crucial technology that significantly
simplifies the synthesis of such materials.
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FUTURE WORK

A new one-pot synthesis route for stabilized silica-supported metal
nanoparticles (via the use of MPTMS) and bifunctional materials has been
developed in this work. Yet, some improvement could be provided at different
levels in order to further improve the developed systems. The following section
outlines both the potential opportunities and the challenges ahead.

Regarding the synthesis route developed for the first step of the cascade
reaction, we showed that Au was achieving better catalytic performance than
Pd or Pt (Chapter 2). To further improve the catalytic activity of these latter,
we suggest introducing a dopant (such as Bi for example) to form an alloy with
the noble metal nanoparticles. It was indeed reported that doping Pd and Pt
nanoparticles by introducing Tr-electron donator could increase the DHA
selectivity. The loading and nature of the dopant should be studied and
optimized. This way, the use of precious metal — and their environmental
impacts — could be reduced. Similarly, more in depth investigations on the
possible formation of bimetallic nanoparticles with and without MPTMS should
be performed and potentially extended to other formulations (Au-Pt, Pd-Ag,
etc) on silica. The use of less expensive metals could also contribute to a
significant reduction in the catalyst preparation expenses. While adding a
second metal in the AASG process has already been widely reported, the
control on the formation of the alloy or bimetallic nanoparticles during the
aerosol process should first be studied to determine the feasibility and optimal
synthesis conditions.

Although the catalytic transformation of glycerol to methyl lactate was
successfully demonstrated, the catalytic performance could be improved to
reach higher methyl lactate yield. Based on preliminary results, we
emphasized that glycerol is mainly reacting with the gold nanopatrticles located
at the surface of the silica microspheres. First, the hypothesis that our systems
suffer from diffusion limitations should be elucidated. One could use different
templating agents (such as polymer beads, Brij-58) in the aerosol synthesis
to form smaller or larger pores in the final material. Then, by performing the
cascade reaction and studying the relation between the activity and the pores
size, one could find the optimum synthesis parameter to maximize the methyl
lactate yield. This way, the issue of gold nanoparticles availability, especially
for the glycerol oxidation, could be resolved.

Concerning the synthesis of bimetallic compounds, one should compare
the results obtained in Chapter 4 with benchmark catalysts prepared by a
traditional method (impregnation of Pt or Pd onto an aerosol Sn-SiOz) where
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the formation of intermetallic is avoided. The Sn:Pd and Sn:Pt should also be
adjusted while maximizing the catalytic performance.

From a broader perspective, the synthesis route for silica-supported metal
nanoparticles developed in this work could be highly valuable, not only for
catalysis but also other applications (in drug delivery, solar cells for example).
Similarly, the synthesis of bifunctional materials with tailored and controlled
properties in one unique step is of great interest in the realm of greener
chemistry, and the ease of scaling-up aerosol processes is very attractive from
an industrial point of view.
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ANNEX 1: TGA ANALYSIS

The TGA analyses were conducted with the valuable
expertise of Jean-Francois Statsyns.
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TGA-MS analyses of fresh AuSiO,-MPTMS. The

decomposition of MPTMS is shown with the 80.00 (SOs), 64.00 and 48.00
(SO2) mass peaks (A) while the decomposition of the surfactant is attributed
to the 44.00 (CO2) mass peak (B). The decomposition of MPTMS happens
few degrees before the decomposition of F127.
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TGA analysis were also performed to make sure that the surfactant was
successfully removed from the different materials synthesized in Chapter 4,
even though the calcination was not performed under air. Two conditions were
used to compare them: (i) calcination under air and (ii) calcination under
H2(5%)/Ar (Figure 4.1). It appeared that no matter the calcination conditions,
similar mass losses are observed after 550°C (-52.5124 for the H2/Ar vs.
53.024% under air), although the mass loss are not at the same temperature.
Considering that we performed the calcination for 6 hours at 550°C, we
estimated (and verified afterward) that the porosity was released either way.
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Figure A.1.2. TGA analyses of fresh Pt(1)SnSiO, MPTMS. The dark curve
corresponds to the TGA performed under air while the red curve was
performed under H2(5%)/Ar.
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ANNEX 2: THE MPTMS STRATEGY
EXTENDED TO NON-NOBLE METALS

The results presented in this section were obtained during the master
thesis of Sophie Coppens who investigated the potential of MPTMS-
stabilization synthesis strategy with the AASG process (See Chapter
2)CHAPTER 2 on non-noble metals. Indeed, taking into consideration the
scarcity and high cost of these metals,3! the development of non-noble metals
as substitute for noble metals are emerging in catalysis.3%? In this perspective,
materials containing Ni, Cu, or Co nanoparticles on silica were investigated.

Experimental

The protocol used to synthesize the catalyst was already described in the
Chapter 2 (2.2.1. Catalysts preparation; Synthesis by AASG). The
precursors added for the different metals (Co, Cu, and Ni) were respectively
Co(Cl2).6H20, Cu(NO3)2.6H20, or Ni(NOs)2.6H20) and were added to reach a
nominal loading of 10 wt.%. The amount of MPTMS (and therefore of TEOS
to keep a constant number of moles of Si) was adapted to have a molar ratio
metal/MPTMS = 1 during the different synthesis. The calcination conditions
were kept the same for each material (i.e. under static air, 550°C, 1°C.min-1).
The materials were characterized by XRD, XPS and Nz-physisorption.

Results and discussion

Monometallic materials with a nominal loading of 10 wt.% of Co, Cu or Ni
incorporated on a silica support were synthesized in one-pot leveraging on the
AASG process. For each metal, two different samples were synthesized,
without and with MPTMS. It is noteworthy to mention that the amount of
MPTMS was adapted to reach a molar ratio MPTMS/Metal = 1. This way, each
mole of metal is supposedly stabilized by one mole of thiol from MPTMS.
Indeed, several tests were conducted to show that a molar ratio of MPTMS to
Metal less than 1 had a negative impact on the effective stabilization of the
metal, while a ratio equal to 1 proved sufficient for stabilizing the metal.

For each metal studied, the textural and structural properties of the
catalysts was investigated with specific attention to the formation of metal
nanoparticles (or metal oxide) depending on the presence/absence of MPTMS
(3-mercaptopropyltrimethoxysilane). The metal catalysts were not tested in
the glycerol oxidation — as they are known as inactive — but were successfully
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tested in catalytic reactions (ethanol dehydrogenation and reforming, COz2
methanation). Those results will however not be presented in this work.

The textural characteristics of the various materials remained quite similar
to what was previously observed with pure silica, gold-silica, platinum-silica,
and palladium-silica samples (Table A.2.1). The type IV isotherms, depicted
in Figure A.2.1. A, showed the typical hysteresis of interconnected bottleneck
pores. Each sample demonstrated a narrow pore size distribution (Figure
A.2.1. B). Interestingly, the substantial metal content and the high amount of
MPTMS in the material did not have a significant impact on the textural
properties.
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Figure A.2.1. (A) Nitrogen adsorption (plain symbols) and desorption (empty
symbols) isotherms and (B) BJH pore size distribution analysis obtained from
the adsorption isotherms of Co(10%)SiO2 (e), Co(10%)SiO2 MPTMS (e),
Cu(10%)SiO2 (¢), Cu(10%)Si0O2 MPTMS (e), Ni(10%)SiO2 (e) and
Ni(10%)SiO2 MPTMS (e).
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Table A.2.1. Textural properties of the different materials.
BET BJH pore Pore Micropore

surface  size (nm) volume volume
area (cm3.g?) (cm3.g?)
(m2.g*h)

Co(10%)SiO2 290 6 0.29 0.09
Co(10%)SiO2 MPTMS 310 6 0.33 0.09
Cu(10%)SiO2 370 9 0.35 0.11
Cu(10%)SiO2 MPTMS 410 6 0.38 0.12
Ni(10%)SiO2 440 6 0.37 0.14
Ni(10%)SiO> MPTMS 300 5 0.28 0.09

X-ray diffraction (XRD) analysis was used to investigate the chemical
nature of the metal nanoparticles. In the fresh materials (right after synthesis)
- shown as blue curves in Figure A.2.2 — no peaks were observed, indicating
that the metal nanoparticles were not formed during the aerosol synthesis.
This shows a good stability of the metal precursors in the synthesis conditions
(aerosol furnace temperature = 350°C).

After subjecting the samples to calcination, sharp peaks became visible in
all the materials without MPTMS, indicating the formation of nanoparticles in
these materials. In the Co(10%)SiO: catalyst, the observed very sharp peaks
are characteristic of CosO4 species, and are suggesting the presence of very
large nanoparticles. Their diameter was calculated using the Scherrer
equation and reach the size of 57.4 nm (Table A.2.2). This indicates a
significant aggregation phenomenon induced by the calcination conditions.
Similarly, the Cu(10%)SiO2 sample after calcination also showed sharp peaks,
characteristic of CuO species, with an estimated size of 33 nm. The
Ni(10%)SiO2 sample, on the other hand, exhibited larger peaks, characteristic
of nickel oxide, suggesting the formation of smaller nanoparticles. Their
diameter actually reached 8 nm. Looking at the Tammann temperature (i.e.
the temperature at which the solid material become sufficiently mobile to
diffuse and consequently is susceptible to sintering). of these metal species,
the different sintering and size observed can be better understood. Indeed,
the Tammann temperature of the metal species can be ordered as followed
C0304 < CuO < NiO (339°C < 526°C < 841°C), which follows the is correlated
to the trend of the nanoparticles size (57.4 nm > 33 nm > 8 nm).?® The
calcination, performed at 550°C, highly increases the mobility of the CuO and
Co304 nanoparticles, leading to their sintering. Furthermore, operating at a
high metal loading (10 wt.%) also increases the likelihood of nanoparticles
contact, leading to their sintering. The formation of oxide species is explained
by the calcination operated under static air.
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Figure A.2.2. X-ray diffractograms of the different materials with and without
MPTMS. The blue curves correspond to the fresh catalyst (after aerosol
synthesis) while the red curves correspond to the calcined catalysts. The
different phases (Coz0a4for Co(10%)SiO2, CuO for Cu(10%)SiO2 and NiO for
Ni(10%)SiO2) are identified in each diffractograms.

The absence of peaks when MPTMS is added in the synthesis is indicating
the limitation of the sintering phenomenon. It is also important to note the
presence of a shift and the appearance of a broad band, suggesting a
modification of the silica matrix following the addition of MPTMS. The
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nanoparticles size could not be calculated. This either indicates that the
nanoparticles are not formed, or that they are very small and highly dispersed
in the microspheres.

The presence of the metal nanoparticles at the surface was investigated
by XPS (Table A.2.2.). In each material, the presence of the corresponding
metal as confirmed (Figure A.2.3).

Table A.2.2. Characteristics of the metal nanoparticles and location.

Metal nanoparticle Surface metal content
size (nm) (Wt.%)

Co(10%)SiO2 57.4 6
Co(10%)SiO2 MPTMS Not measurable 9

Cu(10%)SiO2 33 8.8
Cu(10%)SiO2 MPTMS Not measurable 11

Ni(10%)SiO2 7.7 4.6
Ni(10%)SiO2 MPTMS Not measurable 7.2

Overall, the sample containing MPTMS exhibited a higher surface loading
of their corresponding metal. This can be attributed to a combination of the
very small nanoparticles size with MPTMS — which is highly dispersed at the
silica surface — or the action of the MPTMS that acts as an anchoring point at
the surface of the material. The resulting surface metal content is very close
to the nominal loading.
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Figure A.2.3. XPS spectra of the different materials. The different
components are indicated as follow (i) Ni[0] (e), Ni[ll] (#) and Ni[ll]satellite (e);
(i) Co[0] (e), Co[ll] (+) and Co[lll] (e); (iii) Cu[0] (e), Cu[ll] (¢) and Cul[ll]
satellite (o).
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As for the chemical state of the metal at the surface, the XPS results
confirmed the presence of metal oxides. The presence or absence of the
MPTMS did not significantly change the distribution of the different chemical
state in each metal.

Conclusion

In this study, we investigated the impact of adding MPTMS during the one-
pot synthesis of catalysts based on non-noble metal nanoparticles. N2-
physisorption revealed that the stabilizer had no apparent impact on the
textural properties of the silica support. Through X-ray diffraction (XRD)
analysis, we confirmed the stabilizer's influence on Ni, Cu, and Co metals,
leading to good dispersion and a high reduction in nanoparticle size. The
stabilizing effect of MPTMS on less noble metals than gold was demonstrated
in this study, resulting in catalytic improvement for certain synthesized
materials. Further fundamental research to understand the interactions
between MPTMS thiol groups and each metal would be beneficial to gain a
better understanding of these systems. To the best of our knowledge,
interactions between those metals to stabilize them have never been reported
in the literature.

To gain a deeper understanding of the stabilization mechanism, additional
characterization is required. Furthermore, it remains uncertain whether the
nanoparticles are readily accessible for catalytic purposes and to what degree.
Consequently, conducting TEM, ICP, and dispersion measurements is
essential to obtain a more comprehensive insight into the material
morphologies.
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ANNEX 3: Sn-K Edge XANES and EXAFS
analyses

Experimental

The X-ray absorption spectra were recorded on the B18 beamline at the
DIAMOND synchrotron (Oxfordshire, UK). The samples, in form of powder,
were diluted with polyvinylpyrrolidone (PVP) and pressed to form pellets. Due
to the low concentration of absorbing atom spectra at the Sn K-edge was
collected at room temperature in fluorescence mode, using a Si(311)
monochromator. A reference sample of SnO2 was collected in transmission
mode. The monochromator energy scale was calibrated collecting data of a
reference foil of the pure element for each edge, at the same time as each
sample. The data analysis was performed using the ATHENA.! With
ATHENA, the XANES spectra are normalised; in the EXAFS region the
position of the absorption edge, Eo, is determined, and the absorption due to
the isolated atom is subtracted, by fitting the pre-edge and post-edge regions,
to obtain the EXAFS function x(k). This is multiplied by k? to enhance the
oscillations at high k, and then the corresponding Fourier Transforms (FTs)
are calculated. FTs show the radial distances around the absorbing element,
noting that there is a shift with respect to the real distances due to a phase-
shift effect, which is typical in EXAFS. Real distances are 0.3-0.5 A longer
than the position of the FTs maxima if no phase-shift correction is applied, as
in the case of this preliminary report.

Results and discussion

The Figure A.3.1 below shows the normalised XANES spectra measured
on the SnSiO2 matrix with no NPs and on all the samples containing NPs (Au,
Pt and Pd). Data were also collected on a Sn reference foil (to calibrate the
energy scale, but also working as a reference) and on a sample of SnOo..
These are not shown below since for a qualitative comparison it was sufficient
to compare the samples with the NPs to the matrix with no NPs. A shift has
been applied to the spectra to avoid superposing too many spectra, even if
this makes it more difficult to notice differences among the samples. Overall
all the XANES spectra are quite similar to each other, indicating that the Sn
environment should be quite similar in all samples regardless of the presence
of NPs.
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Figure A.3.1. XANES spectra of the bifunctional materials measured on the
Sn-K edge.

The EXAFS functions and corresponding FTs for the SnSiO2 matrix with no
NPs and on all the samples containing NPs are displayed in Figure A.3.2. The
overall similarity among the matrix and all the samples was confirmed also in
the EXAFS region, but one sample — Pd(1)SnSiO2 — did show some more
evident differences with respect to the other samples and to the matrix. This
can be better appreciated in the FTs, where Pd(1)SnSiO2 sample showed a
peak at longer distances that is likely due to Sn-Pd distances.
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