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Abstract:

Considered as a major discovery of the 20th century, and now needed to supply nearly 70% of
the world population, ammonia and its synthesis process have been and will continue to be a
major focus of academic research. Over 150 million tons of ammonia are produced each year,
making it the second most manufactured chemical in the world. While 80% of ammonia
production is used in the fertilizer industry, many other industries rely on NH3 for the
manufacture of various products (explosives, some plastics and chemicals, some
pharmaceuticals). Recent works have highlighted ammonia for energy applications, due to its
potential as a carbon-free molecule for hydrogen storage. In order to face the growing
worldwide demand of energy and the climate deregulation, the crucial need for efficient low-
pressure and decentralized ammonia synthesis is therefore becoming urgent. Many recent
studies propose new catalysts operating under mild synthesis conditions, using various
approaches such as electrosynthesis, photocatalysis, plasma-assisted catalysis as alternatives to
traditional thermal catalysis. Molybdenum-based materials have proven to be particularly
effective for this application. The interest for molybdenum lies in the fact that catalysts can be
synthesized as carbides or nitrides, in addition to its exceptional chemical versatility with
oxidation states ranging from (-11) to (+V1). In this work, we studied the properties of Mo-based
catalysts for the synthesis of ammonia at atmospheric pressure. The synthesized materials were
characterized by different techniques (XRD, SAXS, N2 physisorption, CHNS, ICP, TEM, SEM,
XPS, EPR, NMR, TGA-DSC, TPR, H>-TPD), which allowed us to evaluate the impact of

particle size and material structure on the catalyst performances.
Résumé:

Considérés comme une découverte majeure du 20°™ siécle, et maintenant nécessaire pour
alimenter pres de 70% de la population mondiale, I'ammoniac et son procédé de synthése ont
¢été et seront toujours un sujet d’étude majeur de la recherche académique. Environ 150 millions
de tonnes d'ammoniac sont produites chaque année, ce qui en fait le deuxiéme produit chimique
le plus fabriqué au monde. Alors que 80 % de la production d'ammoniac est utilisée pour
I'industrie des engrais, de nombreuses autres filiéres industrielles dépendent du NHs qui est
nécessaire a la fabrication de produits variés (explosifs, certains plastiques et produits
chimiques, certains produits pharmaceutiques). Des travaux récents mettent également en avant

I'ammoniac pour des applications de stockage d'énergie, en raison de son potentiel en tant que



molécule sans carbone transporteur d’hydrogene. Afin de faire face a la demande mondiale en
énergie et a la dérégulation climatique, la recherche d'une synthese efficace et verte de
I'ammoniac & basse pression et décentralisée devient donc cruciale. De nombreuses études
récentes proposent de nouveaux catalyseurs fonctionnant dans des conditions douces de
synthese, en utilisant diverses approches telles que I'électrosynthése, la photocatalyse, la
catalyse assistée par plasma comme plusieurs alternatives a la catalyse thermique traditionnelle.
Les matériaux a base de molybdéne se sont révélés particulierement efficaces pour cette
application. L'attrait pour le molybdéne réside dans le fait que les catalyseurs peuvent étre
synthétisés sous forme de carbures ou de nitrures, sans oublier son exceptionnelle polyvalence
chimique avec des états d'oxydation allant de (-11) & (+V1). Dans ce travail, nous avons étudié
les propriétés de catalyseurs a base de Mo pour la synthése de I’ammoniac a pression
atmosphérique. Les matériaux synthétisés ont été caractérisés par différentes techniques (XRD,
SAXS, physisorption de N2, CHNS, ICP, TEM, SEM, XPS, EPR, NMR, TGA-DSC, TPR, H»-
TPD), ce qui a permis d’évaluer I’impact de la taille des particules et de la structure des

matériaux sur les performances des catalyseurs.
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General Introduction:

‘Bread from Air’; the Haber-Bosch process was discovered in response to the economic
and social requirement of fixed nitrogen toward the end of the 19" century due to geometric
progression of the world population versus arithmetic progression of food where mankind was
sought to suffer from shortage of food which in turn would lead to serious casualties. Over the
past century, the world’s population has significantly grown, from less than 2 billion people in
1900, to more than 8 billion people in 2023. 100 years later, more than 6 billion people later,
the exact same process is still being used to produce NHs, with a much higher demand, projected
to supply 228 Mt of Ammonia in 2023 (IFA).

Ammonia is an indispensable element in many industrial processes (fertilizers, dyes, medicinal
drugs, explosives, cleaning supplies, etc.), ranking second most synthesized inorganic
compound after sulfuric acid. With the surge for renewable energy, and finding a suitable
energy storage possibility, ammonia possesses appropriate characteristics to be considered as
green, safe, and sustainable energy carrier making it an optimum candidate for Power to X
(P2X) energy storage systems. Some of these properties include high hydrogen gravimetric
content (17.6 wt.%), high energy density (5.2 kWh kg?) based on the low heat value (LHV),
facile liquefaction and low flammability. More importantly, there is an existing infrastructure
for safe and cost-effective ammonia transportation and distribution worldwide which alas is not
the case for hydrogen.

The H-B process is estimated to consume ~ 1-2 % of the world's annual energy production and
is responsible for 2-2.5% of global carbon dioxide emissions, making this process in this day
and age an environmental and economic matter. With the evolvement of technology and the
expansion of human knowledge today in comparison to the 1900’s, it is baffling that the same
exact process is still the primary source for ammonia. Thus, the development of a novel
generation of catalysts capable of operating at milder conditions is an important milestone to
decrease the carbon footprint and energy consumption, and is consequently unavoidable in the
deployment of large-scale Power to Ammonia process for energy storage. Research on
alternative processes has also been significantly rising, whether it is electrosynthesis, plasma

catalysis, photocatalysis, thermocatalysis, and others.

In the last decades, heterogeneous catalysis has been dominated by the use of materials in
metallic and metal oxide forms. However, to meet the increasingly challenging economic and

environmental targets, attention has been focused on developing alternative catalysts displaying



better activity in milder conditions, to in turn enhance the efficiency of chemical processes.
With that, the presence of interstitial species such as carbon or nitrogen modifies the electronic
structure of corresponding parent metals, as in the case of systems such as molybdenum
carbides and nitrides, to reach materials properties similar to precious metals. Similarly, the
accessibility of the active sites, their corresponding surface state and their size distribution can

have imperative effect on the activity.

In this thesis, we focused towards the development of novel Mo based catalysts (binary and
ternary, carbide and nitride, supported and unsupported) for ammonia synthesis. Thus, this

manuscript is divided into 6 Chapters:

— Chapter I includes the bibliographic overview from the discovery of the Haber-Bosch
process in the end of the 19" century, development of the industrial process, rise of the
pollution and in turn the work on alternative processes, such as electrosynthesis, plasma
catalysis, photocatalysis, nitrogenase, chemical looping, and heterogeneous catalysis.

— Chapter 1l summarizes the materials and methods used to accomplish the experimental
part of this thesis. This includes the synthesis of all the different catalyst families.
Chapter Il also describes the detailed information on characterization methods applied.

— Chapter 11l and Chapter 1V: These two chapters are complementary and describe the
synthesis and stabilization of Molybdenum nitride NPs on different commercial
supports (TiOz, CeO2, Al20s, SiO2) and on mesoporous silica. These catalysts are
extensively characterized and their activity was examined for ammonia synthesis and
ammonia decomposition. The effect of the support, and the size of NPs on the activity
are concluded from these two chapters. Chapter I11 describes Mo-N NPs on TiO2 and
SBA-15 (published in Faraday Discussions 2023) whereas Chapter IV reports the effect
of CeO», Al203, SiO2, and mesoporous silica as support for Mo-N NPs (submitted to
ACS Energy Letters 2023).

— Chapter V: built from the previous chapters, this section is dedicated to ternary nitride
nanoparticles, CosMosN, encapsulated in SBA-15 pores for ammonia synthesis.
Synthesis of the catalysts with appropriate characterization is discussed in this part,
including a detailed part on SBA-15 stability under ammonia. The catalysts are tested
for ammonia synthesis and post reaction samples are also examined. This work has been

published in Applied Catalysis B: Environmental 2023.



— Chapter VI: saving best for last, this chapter reports novel Co decorated Mo-MXene
multilayers for ammonia synthesis. This section includes synthesis, characterization,
ammonia synthesis at various temperatures to conclude the high potential of this rising
family of materials.



Chapter | : Literature Overview

Industrial
Process




Chapter I: Literature Overview

Ammonia synthesis is a never-ending story. Reactive nitrogen is an indispensable element
in many industrial processes, where nitrogen containing molecules are essential for the
preparation of high value commercial products: fertilizers, dyes, medicinal drugs, and so on.
Ammonia synthesis is considered to be one of the most important discoveries in the history of
catalysis. This discovery was in response to the economic and social requirement of fixed
nitrogen toward the end of the 19" century. Due to geometric progression of the world
population and arithmetic progression of food, mankind was sought to suffer from shortage of
food which in turn would lead to serious casualties [1]. With fixed-nitrogen being an essential
element in fertilizers, the quest for synthetic production of ammonia began in order to save the
population from starvation. Among the efforts given in this domain, Haber first proposed the
possibility to produce ammonia from naturally abundant nitrogen and hydrogen. The
importance of the Haber-Bosch (H-B) process is now recognized both by industrial and
scientific communities. Fritz Haber (1868 - 1934) and Carl Bosch (1874 - 1940) were awarded
with the Nobel Prize for Chemistry, in 1919 and 1931 [1] respectively, and more recently in
2007, a Noble Prize was given to Gerhard Ertl, for his work on the determination of the
mechanisms, at the molecular level, of the catalytic reaction of ammonia on iron surfaces [2].
The H-B process, in its current configuration and after a century of optimization, offers a direct
way to convert stable dinitrogen molecule into ammonia, ammonia being a reactive nitrogen
compound. Currently, the industrial production of ammonia by the H-B process is estimated to
produce around 200 million tons of NHs per year, making ammonia the second largest produced
inorganic molecule after sulfuric acid [3].

Unfortunately, the H-B process is estimated to consume 3-5% of the global natural gas supply,
contributing to the greenhouse gas emission that can reach 1.6 to 2.86 ton of CO emitted per
ton of ammonia produced depending on the efficiency of the plant [4]. Due to the operating
conditions (high pressure and temperature), the process is also highly energy consuming,
requiring an energy input of ~ 485 kJ mol, accounting for approximately 1-2% of the global
energy exhausted each year [3]. With that being said, alternative approaches for producing local
ammonia by sustainable methods have been vastly studied such as, electrosynthesis, plasma
synthesis, nitrogenase, chemical looping, and others. These alternative processes can solve
some drawbacks associated to the current Haber Bosch process use, but as mentioned above,
all these alternatives are far from replacing the conventional H-B and supplying the current NH3

demand.



The aim of this chapter is to take us back to the end of the 19" century, with the discovery of
ammonia synthesis and accompany us on a journey in the 20" century stopping by the important
checkpoints from the discovery, development of the industrial process, rise of the pollution and
in turn the work on alternative processes, bringing us finally here, to this thesis today, working

on alternative catalysts for green ammonia production.

I1.1 H-B process

The Haber-Bosch process synthesizes ammonia through the reaction between molecular
nitrogen and hydrogen (Eqg. 1) with an equilibrium constant directly dependent on the reactant

and products partial pressures (EqQ. 2):

Nz (g) +3Hz(q) S 2NHs (g AH; = —45.9 kj.mol 1 [1] (1)
PNH3
Kea =—172 372 )
/2 p3/2
PNZ PHZ

Following Le Chatelier’s principle, several parameters can be adjusted to shift the reaction in
the forward direction. An increase in the reaction pressure with continuous removal of product
formed and a low temperature due to the exothermicity of the forward reaction are ideally the
optimal parameters in order to obtain the maximum yield of ammonia. From an industrial point
of view, a compromise between kinetics and thermodynamics must be considered, to produce
with an acceptable yield. Oxygen poisoning reduces the reaction rate and also may reduce the
lifetime of the catalyst, thus in order to maintain the levels of production, the increase of
pressure with ultra-pure stream and temperature is compulsory. The most efficient industrial
parameters to produce ammonia is a pressure of about 200 bar and a temperature ranging
between 400°C and 500°C [5]. In order to better understand the relationship between
temperature and pressure on the yield and rate of the reaction, especially for low T and low P
processes, figure 1 visualizes the optimal working window for ammonia synthesis under
thermodynamic and kinetic compromise. The higher the temperature, the higher the rate, yet
the lower the equilibrium. Starting with the operating conditions of the H-B process of 200 bar
and 500°C (green star), in order to maintain similar equilibrium yields at ambient pressure (as
indicated by the green arrow), temperature is required to be lowered ~300 °C, thus a working

temperature of ~200 °C.
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Figure 1: Scheme describing the thermal equilibrium concentrations of ammonia synthesis on

versus temperature for different pressures [6]

11.1.1 History and Importance

Ammonia synthesis is considered as one of the most important discoveries in the history
of catalysis. As shown in table 1, nitrogen containing molecules are essential building
blocks for the preparation of important commercial products. All started in 1904 with the
contribution of Haber on the study of ammonia, hydrogen, and nitrogen equilibrium, with
measurement at equilibria of ammonia production on an iron catalyst at various
temperatures and atmospheric pressure. This was a significant step toward the possibility to
synthesize ammonia from its elements at room temperature with a suitable catalyst. Haber
studied the arc method in detail, subsequently, with a collaboration with Le Rossignol,
Haber performed the reaction with a steel autoclave as a reactor at pressures of up to 200
bar. This intrigued BASF company, sending two highly trained engineers Bosch and

Mittasch to Haber in order to start industrial development [1].



Table 1:Main uses of ammonia, adapted from [2][3]

INDUSTRY APPLICATION
Fertil Production of: urea, (NH2).CO; ammonium sulfate, (NH4)2SO4; ammonium phosphate, (NH4)3PO4
ertilizer
and ammonium nitrate, NH4NOs.
Synthesis of: nitric acid, HNOs3; sodium hydrogen carbonate (sodium bicarbonate), NaHCOs3; sodium
Chemicals carbonate, Na,COs; hydrogen cyanide (hydrocyanic acid), HCN and hydrazine, N2Hs (rocket
propulsion systems; reducer).
Explosives Ammonium nitrate, NH4sNOz and TNT (2,4,6-trinitrotoluene),nitroglycerin
Fibers/Plastics Nylon, -[(CH2)s-CO-NH-(CH2)s-NH-CQ]- and other polyamides.
Refrigeration Used for making ice, large-scale refrigeration plants, air-conditioning units in buildings and plants.

Used in the manufacture of drugs such as sulfonamide (inhibition of the growth and multiplication of

Pharmaceuticals ) ] ) o ) o ) o
bacteria), anti-malarias and B vitamin, nicotinamide (niacinamide) and thiamine.

Cleaning Ammonia in solution is used as a cleaning agent such as in ‘cloudy ammonia’.

Bosch later established high-pressure technology in the chemical industry while Mittasch
contributed significantly to the development and role understanding of commercial catalysts.
Haber was awarded the Nobel Prize in 1919 for his studies on ammonia synthesis. Bosch also
received the Nobel Prize in 1931 for his achievement in high-pressure technology development,
for bringing the process to economic and technical industrial-scale, jointly with Bergius who
also worked with Haber's group in Karlsruhe, which had become a center of excellence in the
field of high-pressure technology. This “discovery of the century” was also recently awarded
by a third Nobel Prize to Gerhad Ertl in 2007 [2], for studying chemical processes on solid
surfaces. He was able to improve the understanding of the reaction mechanism on the
industrially relevant iron catalyst. A century has passed after the development of the Haber-
Bosch Process for ammonia synthesis in 1913, yet the process for its production has not quite
changed over the years. Even though this great breakthrough of synthesizing ammonia from
atmospheric nitrogen is genius, winning 3 Nobel prizes, it has many disadvantages that the

scientific community hopes to overcome by elaborating greener methods for synthesis.



11.1.2 Mechanism and Catalyst
Gerhard Ertl demonstrated how hydrogen adsorbs in a dissociative manner on iron surfaces
and that nitrogen dissociatively chemisorbs forming atomic N leading to the production of

ammonia according to a Langmuir-Hinshelwood mechanism [7] .

Hy + = 2H,g &)
Nz +*= Njaq 4)
Nzag = 2N gq (5)

Nag + Hag = NHyq (6)
NHaq + Hag = NHzaq (7
NHz ag + Hag = NH3 ag ©))
NH; .4 & NH; + * 9

The rate determining step is the dissociative adsorption of dinitrogen (Eq. 5), with the strong
bonding energy of the triple bond making it difficult to cleave. In the Haber-Bosch process, the
active catalyst is a doubly promoted iron catalyst that has been optimized throughout the years.
The choice of catalyst is crucial and guided by the material being most active to the nitrogen
hydrogenation, and least active for ammonia decomposition, not to mention resistant to
poisoning. The term “doubly promoted” is given to the H-B catalyst because it is endorsed both
structurally and electronically by different promotors. An example of the chemical composition
of a double promoted catalyst is: Fe304, 94.3 wt.%; K20, 0.8 wt.%; Al>O3, wt.%; Ca, 1.7 wt.%;
MgO, 0.5 wt.%; SiO2, 0.4 wt.%. Structural promoters, such as aluminum, calcium, and silicon
are characterized by their ability to partially substitute iron in the magnetite (Fez0.). The
structural promoters generate and stabilize the pore structure, leading to a large, unhindered
iron surface in the final catalyst. Structural promoters increase the specific surface area of the
catalyst from a few m? g to a maximum of 18 m? g for a 2.5 wt.% loading but slightly
decreases for higher loadings [1]. Studies showed that aluminum oxide is the most efficient
structural promotor for iron catalyst with a maximum substitution of 3% within the spinel
framework. The electronic promoters are potassium cations which have a comparable radius as
the oxygen anion, 133 ppm. Thus, the substitution within the spinel structure is excluded, and
it segregates on the surface of the catalyst. The addition of potassium oxide increases the

specific activity of the catalyst with a maximum enhancement at 0.8 wt.% loading. The



electronic promoter’s role is firstly electron donation leading to a weakening of the nitrogen
triple bond and secondly facilitating the ammonia desorption from the catalyst surface [8].
Further effect of the promoters is the significant increase in long-term stability of the catalyst.
Another non-iron catalyst that is commercially found, specifically in the Kellogg’s Advanced
Ammonia Process, is a ruthenium based catalyst which is particularly efficient for the nitrogen
fixation, representing economic benefits previously unachievable [9]. The latter will not be
discussed in details in this chapter.

11.1.3 Industrial process (Ammonia Plant)

A huge part of the overall H-B process is closely dependent on the production of the primary
raw materials since the ammonia purity depends on the gas production process. There are
mainly two types of commercial ammonia processes which are assigned to the method of
hydrogen production; i.e. steam reforming of methane and partial oxidation route. Several types
of plants are also found such as KAAP (Kellogg’s Advanced Ammonia Production), Topsoe,

and Braun Purifier systems that undergo different routes under slightly different conditions.

For the steam-reforming route, the feedstock, usually natural gas but can also be liquified
petroleum gas or naphtha, first undergoes a hydrodesulfurization step where sulfur is removed
in order to avoid any catalyst poisoning. During the primary reforming, reactions (10) and (11)

occur:
CH, + H,0 — CO + 3H, (10)

€O+ H,0 — CO, +H, (11)

The role of the second reforming step is to consume the residual methane, making it react with

the oxygen present in the air flow added in the process to provide the N2 reactant:

2CH, + 0, — 2CO + 4 H, (12)

CH,+ 20, — C0,+ 2 H,0 (13)
3

CHy + 5 0, — CO+2H,0 (14)
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The catalytic column allows to purify the mixture by converting carbon monoxide to carbon
dioxide, and the scrubber allows the decarbonation of the reactant feed (elimination of carbon
dioxide by absorption in aqueous solution). The final step is the methanation of any remaining
carbon oxides lowering the residual carbon oxide content to 5 ppm thus decreasing the risk of

poisoning due to oxygen containing compounds. The scheme below shows all the details of the

Steam Fuel Air
i Y

Feedstock Feedstock Primary Secondary | sn
Purfication Reforming Reforming =1 Conversion

process [1].

Sulfur Removal CH, +H,0+CO,CO,H, Hy+Air-= CO+H,0=CO,+H,
or Naphtha N,+H,0

Ammonia CO2 -
4—-————————P " Synthesis - Methanation |- Removal [
urge Compression

l CO+3H,=CH,+H,0 l
Liquid Ammonia COQ"‘ 4H o= CH4+2H; (0] coz
3H»+No—=2NH,

Figure 2:The steam reforming route for ammonia production

The partial oxidation route is used for heavy hydrocarbon feedstocks which are not suitable for
steam reforming such as heavy fuel oils, crude oils, asphalt and tar. In the gasifier, the feedstock

is burnt with a limited amount of oxygen and steam following the reaction below:

X y
CyHy +350; = XCO + 5 H, (15)

After this first step, we obtain mainly hydrogen and carbon monoxide, with some carbon
dioxide, water, and small amounts of sulfur and methane. The obtained gas is immediately
cooled in order to retain a low methane content and then scrubbed to remove any soot
remaining. The cool gas is then subjected to a conversion from carbon monoxide to carbon
dioxide followed by some purification treatments in order to remove acid gases and hydrogen
sulfide. The next step is a nitrogen wash that produces a 3:1 stoichiometric mixture of hydrogen

and nitrogen with very low impurities. A diagram of this process is shown below (Figure 3).
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Figure 3: The partial oxidation route for ammonia production

Finally, an ammonia synthesis loop is requested for the final step of the process. An economic
loop is a fundamental key in all commercial plants realized in order to recycle unreacted
nitrogen and hydrogen after the removal of ammonia from the reactor, since the reactant
conversions, under the temperature and pressure of operation, never exceed 15% [3]. The

essential features of the loop are as follows:

Table 2: Components of ammonia plant

Component Role

_ in which lies the catalyst; 530°C temperature and 100 to 350 bars
Ammonia Converter

pressure;
Cooler removes exothermic heat and condense ammonia;
Purge removes non-reactants;

Synthesis gas addition addition of fresh reactants into loop;

Ammonia Separator removes liquid ammonia (also known as catch pot);
Circulator circulating gas through the loop equipment;

A flow sheet of a high-pressure synthesis loop is shown below in figure 4.
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Figure 4: Flowchart for ammonia synthesis loop [1].

11.L1.4 Disadvantages of H-B process

During the past century, the Haber-Bosch process was considered vital for the development
of the human race. The dependence on fixed nitrogen is growing every year. The medium-term
growth rate of nitrogen fertilizer is projected to be 1.4% per year (IFA2019) [10], faster than
the world population growth rate of 1.1%. For 2023, global ammonia capacity is expected to
reach 228 Mt NHs. However, this high supply comes with many disadvantages. Among them,
the ecological impact arising from the supply chain needed for the process and the production
of ammonia itself is tremendous. In this line, associated statistics estimate that 1-2% of the
world’s manmade energy is consumed by this process and is responsible for a significant
proportion (around 2.5%) of global carbon dioxide emissions [11], resulting in a severe
environmental impact. Regarding waste management, gases from the primary reformer and
steam boilers are released into the atmosphere. The admissible limit values in CO, NOy, and
SO depends on the plant localizations. Wastewater is discharged with or without prior
treatment to discharge (depending on their degree of pollution and the limits accepted). Finally,
mud residues (cleaning of cooling circuits) must be sent to an appropriate landfill for spreading.
Depending on the intended use and the operating mode of the installations, the service life of
the catalysts used in ammonia production installations varies between 2 and 8 years. Most

catalysts contain significant amounts of Co, Ni, Mo, Cu, Zn, Fe metal oxides and sulfides. The
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waste partly returns to the manufacturer for reprocessing or is recovered by metallurgical

factories [1].

With that being said, alternatives to H-B for nitrogen fixation have been intensively studied.

I1.2 Alternative Processes

11.2.1 Electrosynthesis

The current industrially dominating process for ammonia synthesis, the Haber-Bosch
process, requires high temperatures and pressures in order to economically produce NHs.
Correspondingly significant amounts of energy, equivalent to 16 ATP moles per 2 mol of
ammonia, are required in natural nitrogenase reactions. Interestingly, the need for protons and
electrons for the completion of associative nitrogenase reaction (see 111.4) indicated that
ammonia could be synthesized via an electrochemical process. A few advantages pop into mind
when we talk about ammonia production through electrosynthesis. Economically, the hydrogen
which is formed from steam reforming of natural gas thus containing carbon monoxide, water
vapor, sulfur compounds, usually undergoes a purification step in the traditional industrial
process. Since the solid electrolyte is a selective ionic membrane, only H* can be transported to
the cathode, thus eliminating the hydrogen purification step and therefore saving a significant
fraction of the cost for ammonia production. Environmentally, in the electrochemical method,
the use of gaseous hydrogen can be by-passed, depending on the temperature of operation,
either steam or water in liquid form can be the used as a hydrogen source. This is why various
research groups have studied in depth the production of ammonia via the electrochemical route
from H>O and N2 [12]. One of the first studies was reported by Marnellos et al. [13] in 1998,
where ammonia was electrochemically produced at atmospheric pressure (Solid State
Ammonia Synthesis) SSAS. The anode was a palladium electrode as seen in figure 5 (1: SCY
ceramic tube (H* conductor); 2: Quartz tube; 3: Cathode (Pd); 4: Anode (Pd); 5: Galvanostat-
potentiostat; and 6: Voltmeter) on which hydrogen flowed and was oxidized into H* protons,
which in turn were transported through a perovskite solid electrolyte of the form of
ScCeo.95Yboo503 (SCY) to reduce nitrogen at the Pd cathode and produce NHs. The SCY was
used due to its good mechanical strength and high protonic conductivity.
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Figure 5: Schematic diagram of first cell reactor for electrosynthesis of ammonia by Marnellos
[13]

With the conditions taken (I <2 mA cm?, T= 570°C; 100% H, at anode, He-N2 mixture at
cathode), the authors were able to convert up to 78 % of the hydrogen into ammonia. The
limiting reactant was found to be the electrochemically supplied hydrogen, and N partial
pressure had no effect on the NH3 formation rate. The intrinsic kinetics could not be studied at
that stage, because a higher current density was not possible at 570 °C because of the ohmic
resistance of SCY, and an increase in that temperature would increase the H* fluxes, but in turn
increase the rate of NHs decomposition. Further work was needed in order to propose a valid
mechanism for the reaction and for the optimization of the working temperature. Another report
described by Wang et al. [14], suggests that a thin, rather than a bulk, electrolyte with large
surface area and highly active electrodes will improve the reaction rate performance, not to
mention the other advantages it accompanies. A thin electrolyte membrane may have a lower
resistance loss, may help in the decrease of the operating temperature and improve current
efficiency, etc. Their team prepared a thin, dense, crack free BCY 15 electrolyte membrane over
an anode substrate (NiO-BCY15) which also works as a catalyst. The BaCeo.g5Y0.1503-4 Was
spin coated on the anode and this following bilayer was sintered in appropriate conditions,
followed by another coat of BaosSrosCoo.sFeosOs-.. The rate of ammonia formation obtained
with the membrane reactor was measured under direct current of 1 mA, and reached its
maximum value at 530 °C with a rate of 4.1x10°° mol s cm™2, approximately double than

what has been previously reported on BaCeo.85Y0.1503- [15].
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Another notable study by Wang et al. [16], describes the synthesis of ammonia at atmospheric
pressures from natural gas and nitrogen with a yttrium doped ceria (YDC) composite electrolyte
YDC-Ca3(POa4)2-K3sPOs. The use of natural gas rather than hydrogen gas as a primary
component has significant advantage, since it is widely available and relatively abundant, not
to mention the difficulties with H> storage and additional reforming and purification steps.
Ceria-salt composites have great potential as electrolytes since they not only suppress electronic
conduction and enhance material stability, but also demonstrate very high ionic conductivity.
The yttrium doped ceria (YDC) was prepared via a sol-gel method. The latter was then mixed
with appropriate amounts of Cas(POas)2 K3POs, pressed and sintered to obtain the electrolyte.

The cell architecture employed to produce ammonia is:
Natural gas, Ag-Pd | YDC-Ca3(POa)2-K3PO4 | Ag-Pd, N2

The quantity of ammonia produced was observed by the change of pH in a diluted sulfuric acid
solution, which was in turn analyzed by spectrophotometry and Nessler’s reagent. The evolved
rate of ammonia reached a maximum of 6.95x107° mol s™* cm™2 at 650 °C upon imposing a
constant potential (U=1.0 V).

A dozen reports in the literature describe electrochemical synthesis of ammonia starting by
water in electrolysis rather than hydrogen in order to avoid CO2 emissions and eliminate
reforming and purification; but the formation rate of ammonia is usually several orders lower
and the faradic efficiency (FE) drops to less than 1% with such change in reactants. An example
on that, one study by Lan et al. [17] used Pt/C electrodes and a Nafion membrane where
ammonia was formed at a rate of 0.9 x 10°mol s™* cm with 0.8% FE. Licht et al. [18], became
intrigued by NaOH-KOH eutectic electrolyte, a molten hydroxide found in an ammonia fuel
cell. By reversing the latter, they presented an electrochemical pathway to produce ammonia
from air and steam and were able to reach at 2 mA cm~2 and 200 °C, an ammonia evolution rate
of 2.4 x107° mol s* cm2. Tremendous work has been done on electrochemical N fixation for
ammonia synthesis, all of which can be categorized as seen in the scheme below (Figure 6) by
electrolyte type (polymer, aqueous, molten, solid), working temperature, or type of

electrocatalyst (metal, nonmetal).
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Figure 6: Scheme depicting the relationship between the operation temperature and energy and the

different types of electrolytes

11.2.1.1 Solid Electrolyte

Solid State Ammonia Synthesis (SSAS) is usually held at high temperatures, with either
O?% conducting materials or proton conducting materials. In the majority of the cases the
electrolyte material is a perovskite (BaCeo.sGdo.1Smo.103 - 5 (BCGS) and BaCeo.9Smo.103 - 5
(BCS) [19]), or can even be a fluorite or pyrochlore structure (La.95 Cao.os Ce207 -5 (LCC)[20]).
When the electrolyte is a proton conducting material, the electrochemical half reactions are as

follows:

Anode: 3H, —» 6H* + 6e~ (16)

Cathode: N, + 6H™ + 6e~ — 2NH,4 (17)
The most common reactants for such cells are gaseous hydrogen and nitrogen at the anode and
cathode. The highest rates have been observed over Pd-containing catalysts. The presence of
water vapor has been reported to increase the protonic conductivity of perovskite electrolytes,
thus various people reported the introduction of humidified, rather than dry hydrogen over the
anode [21]. O* conductor can be used for SSAS where ammonia is synthesized from gaseous

nitrogen and steam according to the following:

3
Anode: 30% - EOZ + 6e~ (18)

Cathode: N, + 3H,0 + 6e~ - 2NH; + 302 (19)
Both steam electrolysis and ammonia synthesis occur at the cathode, with reaction rates one

third in magnitude of that of proton conducting cells.
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11.2.1.2 Molten Salt and Composite Electrolyte

These types of electrolytes fall in the intermediate temperature range, around 300 to 500 °C.
Murikami first introduced ammonia synthesis using molten salt electrolytes by establishing a
LiCI-KCI-CsCl electrolyte containing 0.5 mol.% LisN as a source of nitrogen, and nitrogen and
hydrogen gases as reactants [22]. The nitride oxidizes at the Al anode, reacts with gaseous
hydrogen to produce ammonia. The nitride ions are then replenished by N> at the porous Ni
cathode. The production rate was 3.33x10® mol s™* cm™2 at 400 °C with FE of 72%. Murikami
also studied the same electrolyte with different hydrogen sources such as methane, hydrogen
sulfide, and hydrogen chloride [23]. In a similar study [24], hydrogen was replaced by steam
on a glassy carbon anode, which resulted in a higher production rate but a lower FE due to the
reaction between the carbon electrode and the oxygen ions, by-products of the ammonia
synthesis reaction. The carbon anode was replaced by a boron-doped diamond in another study,
but gave lower yields possibly due to the inertness of the electrode. In a more recent work, Licht
et al. [25] introduced Fe,O3 nanopowder as a catalyst in a molten NaOH/KOH mixture (1:1).
The reactants were nitrogen and steam and produced ammonia at a rate of 1x10® mol s™* cm™
at 1.45% FE.

A wide interest in composite electrolytes for hydrogen fuel cells at intermediate temperatures
has been shown in the last decade [26], [27]. These consist of a mixture of a solid oxide with a
second phase that changes the overall properties (thermal, mechanical, electrical). The second
phase is usually a molten eutectic mixture of alkali metals (carbonates, halides, sulphates,
hydroxides). A eutectic salt mixture (Li/Ni/K)2COs was combined with LiAlIO2 and examined
on different cathodes that also serve as catalysts (FesMosN, CosMosN, CoFe.04)[26], [28],
[29]. CosMosN gave the best results with a maximum rate of 3.28x10® mol st cm™ at 450°C
with FE 3.83%.

11.2.1.3 Polymer Electrolyte

There is a difference between electrolytic cells using a polymer membrane for
separation and electrolytic cells with a polymer electrolyte, having two gas phase reaction
chambers, categorized into two conducting polymer cells, proton and anion. The proton
conducting electrolytes used in a wide range of studies are Nafion and Sulfonated polysulfone
(SPSF).
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Figure 7: Work by Zhang et al. on polymer electrolytes for ammonia synthesis. a) Sketch of
single cell b) sketch of cell reactor for ammonia synthesis

Zhang et al.[30] used a Nafion electrolyte that was directly connected to the cathode
(SmBaCuMOs.s SBCM where M= Fe, Ni, Co) on one side, and the anode (Ni-Ceo.sSmo.202-5
SDC) on the other side as seen in figure 7. The reaction was realized at temperatures between
25-95 °C where SBCN showed the highest activity with a rate of 8.70x10° mol st cm™2. Many
advantages can be mentioned, operation under low temperature (<100°C), spontaneous reaction
with high proton conductivity, but consequently, suffer from quite slow kinetics. Kordali et al.
[31], first reported ammonia synthesis in 2000, using a Nafion electrolyte combined in KOH
solution that produced ammonia from water and nitrogen. Lan et al. [32] used Nafion 211 as an
electrolyte to produce ammonia from nitrogen and humidified Hz/Ar on a Pt/C catalyst. The
production rate was 3.1x107" mol s™* cm™2 with FE 2% for a potential difference of 0.2 V. Xue
et al.[33], reported another study with Nafion as a proton-conducting electrolyte with SmFeg 7.
Cuo.1Nio.2O3 as a cathode catalyst and NiO-Ceo.sSmo.202-5 as an anode catalyst starting from N2
and H, at 80°C. The resulting rate of production 11.3x10° mol s cm™ with a faradaic
efficiency of 90.4%. Anion conducting polymer has also been interesting for ammonia
synthesis. Kong et al. [34],described membrane electrodes with IrO; as the anode catalysts and
carbon fiber paper sprayed with y-Fe>Os as the cathode assembled together with an anion
exchange membrane as the electrolyte. This cell showed a 3-fold increase in the production rate
compared to the conventional electrolytic cell, but the FE drops from 1.9% to 0.0044% possibly
due to the lower pH value in the membrane electrode thus enhancing HER (hydrogen evolution

reaction) Kinetics.
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11.2.1.4 Aqueous Electrolyte

In recent years, aqueous electrosynthesis of ammonia has been gaining great interest due to
its wide range of advantages. Its simple equipment and production at ambient temperatures and
pressures make it a very promising candidate for ammonia synthesis. It is a low cost, eco-
friendly process with zero carbon emission and controllable selectivity with change in potential.
Another perk that should be mentioned, hydrogen gas can be avoided and substituted with
water, making aqueous electrosynthesis a very potent alternative route to H-B. One of the first
works was reported by Pickett et al. [35] in 1985, but yielded low amounts of ammonia on
trans-[W(N2)2(PMezPh).] at ambient conditions, value of production rate of 0.25 mol of NH3
per mol of cation. It was not until the 21% century for this process to properly emerge. Aqueous
electrolytes can be categorized into metal based and metal free electrolytes. In 2000, Kordali et
al. [31] described NRR (nitrogen reduction reaction) electrocatalytically taking place on a Ru
loaded carbon cathode in KOH solution with FE 0.92% and a maximum rate of 1.3 pug.ht.cm’
2, Even though the rate and FE are low, (50 times lower than at 570 °C), this work is a significant
contribution for NRR since it was the first attempt of ammonia synthesis at ambient
temperature. A more recent work by Shi et al. [36], with a FE of 8.11% and rate of 21.4
ng-mgcat 1-h~1, carries out ammonia synthesis on Au nanoclusters dispersed on TiO-. Finally,
Wang et al. [37] described NRR performed on Pd films deposited on Ni foam resulting with an
ammonia yield of 18.27 pg h™* mgear t in 0.1 M Na2SO4 as agueous electrolyte.

11.2.2 Plasma Catalysis

Another method that has been evolving throughout the years for ammonia synthesis is
plasma catalysis. Plasma catalysis is one of the key emerging applications in the field of low
temperature plasmas. By definition, plasma catalysis is realized by placing a catalyst in the
glow or after-glow region of the discharge leading to an improved processing of the input gas
stream. The combination of plasma and catalysis process has brought a great deal of research
interest. Ammonia synthesis via plasma catalysis has been extensively studied since the latter
shows very promising potential. The presence of reactive plasma species, electrons, ions, and
radical; allows efficient catalysis at ambient temperatures and atmospheric pressures. Because
of this potential, many large-scale researches have been put to work such as MAPSYN in
Europe (Microwave, Ultrasonic and Plasma-assisted Syntheses) and others in USA and Japan
to focus on sustainable processes for ammonia production (Renewable Energy to Fuels through
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Utilization of Energy-Dense Liquids (REFUEL) Program, and National Institute of Advanced
Industrial Science and Technology (AIST) respectively).

The main advantages of plasma catalysis from the conventional thermochemical catalysis can
be described: (i) plasma has high non-equilibrium characteristics that affect the catalytic
process, giving many possible reactions involving the electrons, ions, radicals; (ii) the high
energy acquired by plasma, not only drives ionization and dissociation processes, but also
provides highly efficient excitation of molecules and generation of reactive intermediates which
opens additional chemical reaction pathways; (iii) with the presence of all these highly energetic
species, the gas temperature is relatively low, which is advantageous for an exothermic reaction
by minimizing the loss of the product molecules and increasing the life time of the catalyst by
decreasing sintering. Another contribution that should be taken into consideration is the
interaction between the catalytic material and plasma. Wang et al. [38] have showed that
plasma-surface interactions can result in profound differences in the performance of specific
catalytic processes. The high surface area of the catalyst, extends the lifetime of short-lived
active species, allows them to further react thus producing even more reactive species. These
contributions make a chemically enriched and reactive environment without the need for high
thermal input. To date, there are four main types of discharges that have been used for ammonia
synthesis: Radio Frequency and Microwave discharges, Glow Discharges, Dielectric
Barrier Discharges, the most exploited type, and the least explored discharge, Arc Discharges

which will not be discussed here because there is insufficient literature on the matter.

[1.2.2.1 Radio Frequency and Microwave Discharges

This type of discharge is still under development for ammonia synthesis. RF
(radiofrequency) and MW (microwaves) have very similar ignition mechanisms and
characteristics excluding the bulk gas temperature that is much higher in MW than in RF. In
1989, Matsumoto and his team where the first to use RF and MW discharges for ammonia
synthesis with the same reactor tube and catalyst arrangement [39], [40]. They used Fe and Mo
as catalysts. The main complication in their work was the quantification technique in which the
ammonia adsorbed on a zeolite was followed by titration without taking into consideration its
amphoteric nature, not to mention the chemisorption of ammonia on the zeolite and the NHx
radicals trapped on the zeolite surface [41]. Nevertheless, their work did lead to important
findings, such as the formation of trace amounts of nitrides, or the formation of both hydrazine
and ammonia [42]. Their investigations also revealed that MW plasma generates more N, H,
NHx radicals but fewer ions and yields twice the ammonia of the RF source, suggesting that
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these radicals are more important than ionic species for ammonia formation. In other work, they
also showed that the increase of power led to a decrease in ammonia production rate relating it
to high-density atomic hydrogen promoting dissociation reactions [43]. Nakajima et al. [44],
explored microwave plasma at atmospheric pressure, giving it a high industrial applicability.
Their reaction was plasma assisted with and without a catalyst with a high gas temperature,
well above 1000 K. The ammonia yield was low, at a rate of 40 pumol min™ with a concentration
of 0.003%. This report showed a correlation between NHs concentration and the amount of NH
radicals. Argon gas also increase ammonia yield, which is due to the charge transfer of argon

ions according to the reactions below:

Charge transfer from Ar*: N, + Art - N} + Ar (15)
N,H"ion formation: Ny + H, > N,H" + H (16)
Dissociative recombination: N,H* + e~ - NH + N @an

Recent research groups have taken great interest in MW for ammonia synthesis[45], [46] and
RF as well[47], [48]. Microwave plasma was employed to produce ammonia from methane and
nitrogen by Hu and his team on a catalyst that consists of impregnated metals on alumina
support. The maximum conversion was in fact low at 0.11% with an energy yield of 0.008
gnus KW ht | and catalyst poisoning by CNT was observed. On the other hand, Carroen et al.
have been lately working on transition metals and alloys with low melting points as catalysts in
RF plasma, reaching energy yields as high as 0.31 gnns KW ht [47], giving a possibility of
high conversion under plasma environments. This group is also working on MOFs as catalysts
that can outperform pure metals under plasma conditions for ammonia synthesis since they
exhibit a dual effect in plasma, by playing the role of a catalyst and an absorber-opening
pathway to materials that can store ammonia in situ [49].

11.2.2.2 Glow Discharges
A glow discharge is a plasma formed by the passage of an electric current, direct or
alternating, through a gas. This type of plasma was first qualitatively employed for ammonia
synthesis in 1873 by Donkin [50], but was not systematically reported until 1929 by Brewer
and Westhaver [51][52]. The system consisted of high voltage, vacuum and a magnetic field,
the latter did not have a major impact on the ammonia yield. Brewer also showed that AC
plasma gave higher ammonia yields than DC (alternating current vs direct current) [53]. In
1968, Eremin et al.[54], [55], introduced transition metals as catalysts in plasma assisted
ammonia synthesis and showed that ammonia is formed from surface reactions rather than gas-
phase reactions as previously predicted by Brewer. Later on Venugopalan and his research team
[56], [57], reached about 8.9% ammonia yields using AC glow discharges with Ag coated
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quartz electrode/catalyst. This report showed the effect of various electrode materials (Pt > SS
(stainless steel) > Ag > Fe > Cu > Al > Zn) on the reaction yield and the catalytic effects in the

plasma, the spatial afterglow, and in the quenching or cold-trap stage.

[1.2.2.3 Dielectric Barrier Discharges

This is by far the most studied plasma discharge for ammonia synthesis due to its low
processing temperature, achievable high production rates, and operation at atmospheric
pressure leading to a possibility of industrial scaling. Dielectric barrier discharges (DBDs) are
in a self-pulsing operation due to the insulating material between the electrodes. DBDs were
initially used for the generation of the ozone. It has opened up many fields of application
especially in plasma catalysis [58]. In many plasma catalysis applications, the dielectric barrier
has a second role and acts as a catalyst [59]. In 1969, the first article using DBD for ammonia
synthesis was published by Eremin et al. [55]. The authors used transition metals as catalysts
and internal electrodes simultaneously. Pd catalyst gave the highest conversion of 3.13 %. Later
in 2000, Mingdong et al. [60], confirmed that the use of a catalyst increased ammonia
concentration in the exit stream by 75% (1467 mmol g* h'* ) by smearing magnesium oxide on
the electrode and comparing the generation with and without. Furthermore, authors showed that
there exists an inverse quadratic relationship between ammonia yield and the total flow rate,
which was also evident in other studies by Mizushima et al. [61], [62]. The latter used metal
loaded alumina membranes as catalysts in DBD, proposing that the dissociative adsorption of
N> takes place on the alumina while ruthenium adsorbs molecular H, and stabilizes atomic H
species, thus the surface reaction leads to ammonia. In the last decade, several groups have been
working on ammonia synthesis by DBD reactors. Gomez-Ramirez et al. [63]-[65], worked on
zirconium titanate and barium titanate spheres as dielectric materials and a voltage peak was
observed when conversion was maximum. The conversion reached 7%, more than double of
usual DBD conversions, and closer to the maximum conversion of H-B process at 15%, thus
enabling it to be a potential industrial process in the future.
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Figure 8: Sketch of reactor set-up from Gomez-Ramirez work [63]
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Figure 8 depicts the reactor set-up which consisted of a stainless-steel chamber and plate as
active electrodes with the bottom wall of the reactor as grounded electrode. The inter-electrode
space was filled with small spherical pellets of PZT (lead zirconate titanate), and the outlet gas
stream was connected to a mass spectrometer for analysis. lwamoto et al. [66] added to
Eremin’s research, and worked on replacing internal electrodes with a wide range of transition
metals. The order of the initial catalytic activity was Au > Pt > Pd > Ag > Cu > Fe > Mo > Ni
> W > Ti > Al, demonstrating that the gold thin-wire assembly displayed the highest activity
for ammonia synthesis of 73 pmol min for a molar ratio of Hz/N2 = 1. In his doctoral thesis
[67], Patil carried out ammonia synthesis in DBD with transition metals loaded on alumina
(namely W, Mo, Co, Ni, W, Pt, Ru, and Rh) and studied the effect of feed ratio, specific energy
input, metal loading, temperature, and flowrate, 2%Rh/Alumina and 2%Ru/Alumina performed
best with all changes. Very recently, he studied the addition of a range of materials, usually
considered as catalyst supports (a-Al2O3, anatase TiO», MgO, CaO, y-Al20s3, TiO2, and
BaTiO3), and positioned in the discharge zone of plasma in order to investigate synergetic
effects [68]. Size and shape of packed materials did affect the performance but solely because
of the packing effect of plasma and not because of a synergetic effect between plasma and the
surface. Quartz wool gave the highest ammonia yield at 2900 ppm followed by y-Al>Oz at 2700
ppm. Patil also showed that unlike catalytic ammonia synthesis, plasma synthesis is more
efficient at a N2:H> feed ratio > 2 rather than at a stoichiometric ratio of 0.33. The loading of a
transition metal to y-Al2O3 can enhance ammonia yield by a factor of 113% in comparison to
an empty reactor. A DFT study, done by Mehta et al. [69], showed that the catalytic activity
trend is different in thermal catalysis and plasma-catalysis at atmospheric pressure. The rate
determining step for thermal catalysis is the dissociative adsorption of nitrogen on the metal
surface. This limitation can be avoided if catalysis is coupled with non-thermal plasma. The
dissociation barrier decreases for plasma-induced vibrational excitations in N2 without
influencing subsequent reaction steps. A DFT model using N> vibrational excitations was used
to predict plasma enhancements on metal catalysts. The model shows that the optimal catalysts
and active sites in plasma catalysis differ from those in thermal catalysis, and are those who

bind to N2 weakly. This shift in optimal catalyst is validated by kinetic experiments.

11.2.3 Photocatalytic Synthesis

Artificial photosynthesis of ammonia directly from sunlight, N2, and H»O via photocatalysis,

is the optimal process for ammonia production being energy saving and environmentally

24



friendly [70]. In 1977, Schrauzer et al.[71] firstly reported the conversion of N2 to NHz and the
oxidation of H20 into O, simultaneously over a TiO, photocatalyst under UV light irradiation.
Since then, many attentions have been brought to this field, but it was not until recently with
the increasing demand of fixed nitrogen, this research has gathered very high momentum. The

overall redox photoreduction reaction is described below:

2N, + 6H,0 — 4NH; + 40, (18)
The first step, shown in figure 9, is the photoexcitation of photogenerated electrons in the
valence band, their migration to the conduction band leaving holes in the valence band (+ in
scheme) that will in turn facilitate the oxidation reaction (H2O —O;+ H*) . The second step is
the separation and migration of the photo-induced carriers (H"), to the active site of the
photocatalyst” conduction band; where nitrogen fixation takes place (N2 + H*—NH3) [72].

N,+H*
Conduction Band
NH,

N

T

O,+H*
Valence Band
H,0

Semiconductor

Figure 9: Scheme of photocatalytic N> fixation to ammonia [73]

From a thermodynamic point of view, the photocatalytic nitrogen fixation is a nonspontaneous
endothermic reaction with a free Gibbs energy of AG = 339 kJ mol™ . This reaction is considered
much more challenging than water splitting and needs more energy to drive the reaction in the
forward. The first half-reaction is H2O splitting to O» and H* followed by NH3 synthesis from
N2 and H*. Thus, a suitable photocatalyst for artificial photosynthesis must possess water
oxidation ability. One of the big challenges in photocatalytic nitrogen fixation is the adsorption
and activation of molecular nitrogen (strong triple bond N = N) with a dissociation energy of
~ 941 kJ mol?, making it recognized as the rate-determining step. Another challenge that is
encountered, the redox potential of a photocatalyst is determined by its band alignment [73].

The band gap should be kept as small as possible in order to maximize the solar spectrum usage
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around the UV, visible, and near IR regions; but not too narrow risking the recombination of
the photogenerated electron-hole. Suitable band gaps must include the reduction potentials of
the NRR and HER [70]. Some ameliorations were done to enhance the activity and stability of
the photocatalysts where higher surface area directly relates to higher number of adsorbed
nitrogen [74]. Surface modifications such as defect engineering on the surface of the catalyst
can promote chemisorption and give access to a larger number of active sites [74]. Incorporation
of metal dopants (Fe, Cu) into the photocatalyst structure prevent electron-hole recombination
by acting as electron sinks, trapping the electrons in the active sites, this stopping them from
recombining with the holes in the valence band. Iron is the mostly used dopant to improve the
activity [74]. One of the first studies described on nitrogen fixation in photocatalysis was
reported by Schrauzer et al.[71] in 1977, where he studied the effect of nitrogen ratio in gas
flow and doping of TiO2 (0.2% Fe203) for nitrogen fixation. The tests were conducted upon
irradiation with light emitted from Hg-Arc lamp (360 W) at 50 °C and iron-doped titania under
pure nitrogen gave the highest yield of 3.475 umol g* h. A later study by Rao et al. [75]
showed that Ru doped TiO- is 13.6 times more active than Fe and Os doped photocatalysts (Xe
lamp (150 W) at 25 °C). Another noteworthy study by Lashgari et al.[76] used a pH adjustment
method on Fe>O3 photocatalyst to enhance its activity reaching a maximum yield of 7000 pmol
L*g? after 4 h of irradiation under Xe Lamp (500 W).

Photoelectrochemical cells are another class of promising setups for solar-driven nitrogen
fixation. Hamer et al. [77] reported that solvated electrons on diamond generated by UV could
drive the kinetically inert NRR process. In this work, diamonds with H-surface terminations
were used to eject electrons into the reactant liquid by UV. These electrons are brought directly
to the reactants with no requirement of molecular adsorption, thus circumventing the rate
determining step of thermal catalysis. Another valuable conclusion from Hamer’s work is that
an inexpensive diamond grit, for polishing, can act as a photocatalyst for N2 reduction, yielding
higher activity than Ru/TiO2 where a rate of 1.4 pg h™* was established at ambient temperature
and pressure. Although H-terminated diamond retains its photocatalytic activity for several
days of constant illumination, the activity is gradually reduced due to the increase of O-
terminals and also the appearance of traces of nitrogen on the surface. The photoelectrochemical
process for N2 reduction is still considered a new technology with limited number of works and

the mechanism of the reaction is still ambiguous with several proposed pathways [78], [79].
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11.2.4 Nitrogenase

Nitrogenase is an enzyme system that biologically performs nitrogen fixation by turning
dinitrogen into ammonia at ambient temperature and pressure. These proteins are O2 sensitive
and are originally found in the soil in anaerobic conditions [80]. There are three main types of
nitrogenases, the most studied Mo-Fe metalloprotein where Mo is said to be the active site,
V-Fe protein, and Fe protein. It was later stated that iron is the only essential transition metal

in the nitrogenase, and it is in fact the active site in the FeMo cofactor [81].

The overall reaction stoichiometry is still somewhat ambiguous. The uncertainties are

expressed in the following equation [82]:

N, + (6 + 2n)H* + p(6 + 2n)MgATP + (6 + 2n)e~
— 2NH; + nH, + p(6 + 2n)MgADP + p(6 + 2n)P0O;~ 19)
In the ‘standard’ model, one molecule of dihydrogen is coupled to the reduction of one molecule
of dinitrogen, and two molecules of ATP are hydrolyzed per electron transferred, so thatn = 1
and p = 2. However, there has not been a compelling demonstration of an obligatory
mechanistic coupling of dihydrogen evolution and dinitrogen reduction, although ammonia is
always accompanied with dihydrogen as a product. High concentrations of Mg?* can inhibit the
nitrogen fixation by sequestration of ATP as an inactive Mg-ATP complex. The by-product
ADP can also inhibit nitrogenase and its elimination is necessary in order to carry on the
reaction [80]. Ammonia, the major product of the enzymatic nitrogen fixation, does not inhibit

the reaction but rather represses the synthesis of nitrogenase system.

11.2.4.1 Biological FeMo Factor

We will go into detail on the Mo-Fe protein structure. It is divided into two proteins,
homodimeric Fe protein and a heterotetrameric Mo-Fe protein, as seen in figure 10 below. The
homodimeric protein is made up of two identical FesSs with a M.W. ~ 60 000, and its role is to
transfer electrons from the reducing agents to the Mo-Fe protein. The electrons are provided
from pyruvate via ferredoxin and flavodoxin. The MoFe protein is an a2f2 -heterotetramer
M.W. ~ 220 000 that contains two pairs of metalloclusters, called the P-cluster and the FeMo
cofactor. One of each type of metal cluster is contained in an af-unit. The P-cluster is made up
of 2 Fe proteins, while the Mo-Fe cofactor (FezM0SeC) MoFesSs and FesSs joined by three
sulfide bridges.
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Fe protein MoFe protein

F cluster P cluster M cluster

Figure 10:(A) catalytic half of the Fe protein: MoFe protein complex with the Fe protein
homodimer in tan, a subunit in green, and 3 subunit in cyan (B) their corresponding clusters

4Fe-S Cluster (F), P-cluster (P) and FeMo-co (M). Reference of image:[83]

The cluster is bound to the protein by one Cysteine at one Fe end, and by a histidine from the
Mo end. Its role is to transform N2 into NH3 [84]. Biological nitrogen fixation still contributes
to about half of the total nitrogen input to global agriculture, the rest principally coming from
nitrogenous fertilizer produced chemically from the Haber-Bosch process [84]. One of the first
studies on metal complexes for ammonia generation was proceeded by Leigh et al.[85], who
studied a well-defined [Fe®(dmpe)2N2z] (dmpe = Me2P-CH2CH2-PMe2) (AN2) = 1975 cm™?)
complex that formed ammonia at 18% yield and Fe''(dmpe)2Cl2 upon the addition of HCI. The
iron atom is the only electron source for the reduction, so a maximum vyield of 33.3% of
ammonia could theoretically be reached if the dinitrogen reaction was paired to the oxidation
of Fe? to Fe". By changing the hydrogen concentration, through the addition of NaBHys, they

were able to construct a reduction cycle, also known as Leigh Cycle (Figure 11).
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Figure 11: Leigh Cycle [85]

In 2002, Oliver Einsle presented a high-resolution structure model at 1.6 A of the FeMo cofactor
discovering a previously unrecognized interstitial atom coordinated to six iron atoms in the
center of the FeMo-cofactor. It was predicted to be nitrogen which is consistent with the
Thorneley and Lowe Kinetic model [86]. Recent studies through X-ray emission spectroscopy
show that the six iron coordinated ligand is in fact a carbon and not nitrogen atom which drove
further studies on its catalytic behavior [87]. In 2014, Hoffman et al. reported the mechanism
of nitrogen fixation by nitrogenase and the five catalytic intermediates present, including the

“Janus Intermediate”, a key state of N2 reduction into 2 NHs [83].

[1.2.4.2 Mimic Studies

Not considering the great differences in reaction conditions, the Haber-Bosch catalyst and the
metal ligands in the nitrogenase show several similarities which suggests the possibility of
common mechanistic elements in the reduction of dinitrogen to ammonia. Several works
focused on fixing nitrogen, developing and improving synthetic catalysts based on biological
mechanisms of nitrogenase. The first well-defined homogeneous catalyst for ammonia product
was reported by Yandulov et al. in 2003 [88]. This catalyst is the single center
Mo(lll)triamidoamine complex, Mo[(HIPTN)sN] (will be referred to as Q) where
[(HIPTN)3N]¥, a tridentate triamidoamine ligand, is used to maximize the steric hindrance of
the complex to avoid reaching the unreactive stable bimetallic complexes. Q(N2) is converted
into Q(NH?3) by a slow addition of electrons (Decamethylchromocene source) into a solution of
the molybdenum catalyst containing the proton source. The yield of the reaction is around 66%
which is only second to that of Fe/Mo nitrogenase at 75%. Another photoreduction of nitrogen
to ammonia was described by Brown et al. [89], which examined N2 reduction by the MoFe
nitrogenase protein after being adsorbed onto CdS nanocrystals. The CdS:MoFe biohybrid
protein was optimized in shape and morphology of nanocrystals. An electron donor, HEPES:
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4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), with low background is required for the
reaction to take place. The key components of this reaction are HEPES, CdS, light and MoFe
protein, where every component is essential in order to achieve the photoexcitation under a
100% N2 atmosphere resulting in the direct light-driven reduction of N2 to NHs. Illumination
under ~3.5 mW cm= of 405 nm light led to NHs production rates of 315 + 55
NMOINHs.MMoreprotein -.Min™ at a TOF of 75 min™t. N reduction persisted for up to 5 hours
under constant illumination with a turnover number (TON) of 1.1 x 10* mol NHs (mol MoFe
protein)~*. This indicates that the MoFe protein in CdS:MoFe protein bio-hybrids can function

at rates comparable to physiological TOF by nitrogenase.

11.2.5 Chemical Looping
The adopted chemical looping approach is based upon a novel mechanistic consideration in
which the lattice nitrogen itself is the active species. In such a scheme, ammonia generation is

separated into two successive non-catalytic sub-reactions.

MxNz+ 38 Ho — MxNz.25 + 26 NH3 (eq. 1 discharge reaction)
MxNz-25 + & No— MxNz (eg. 2 charge reaction)

The linkage between the sub-reactions will be ensured by a metal nitride material acting as a
nitrogen transfer medium where the nitride can be reduced using Ha in a first step to produce
ammonia (discharge reaction, eq. 1) and regenerated in a second step using N2 (charge reaction,
eq. 2). The sub-reactions can be conducted in different conditions where thermodynamics are
more favorable. Unlike the catalytically activated process, nitrogen chemical looping is a
flexible route that allows us to optimize each sub-reaction independently. The mechanism that
is followed is of Mars-Van Krevelen type, where the lattice nitrogen reacts to form ammonia,

and the catalyst is then regenerated.

With a novel process such as chemical looping for ammonia synthesis, not much literature is
found, and the methodology has yet to be set. Wrya et al. [90] reported Mn based nitrides
promoted by sodium as a suitable nitrogen agent for chemical looping ammonia synthesis
(CLAS). In his work, authors were able to perform three cycles of chemical looping in “stop
mode” , and “non-stop mode”. For the stop-mode, the catalyst was removed between every step
to be analyzed and then back to the furnace. Figure 12 shows the 3 cycles of “stop-mode”,

where the Mn nitride was activated in a first step at 700 °C with a flow of N2, returned to
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ambient temperature, where it was grounded under air, and back to 700 °C under a stream of

H> in order to produce NHs.
Figure 12: 3 Cycles of chemical looping in stop mode [90]

The production of ammonia was detected by colorimetry in the range of 0.5-4 ppm. The
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maximum theoretical NHz yield based on about 5 g of Mn based nitride containing about 8
wt.% of N is 28 mmol NHzs, assuming that all the lattice nitrogen has reacted to produce
ammonia. The best yield achieved for the same mass is about 1.3 and 2.2 mmol NHz in the stop
mode and non-stop mode, respectively. Wrya et al. also show that Na promoters, not only
accelerate the process, but also increase the yield for ammonia formation. Another study by
Laassiri et al. [91] studied lithium doped manganese nitrides for CLAS. With lithium used as a
dopant, ammonia generation can be observed at a reaction temperature as low as 300 °C. In this
work the role of lithium was investigated by in situ neutron diffraction studies and N> and H>
isotopic exchange reactions supplemented by DFT calculations. It showed that the doping of
small amounts of lithium results in high reactivity towards hydrogen thus reduces the
complications of thermo-chemical stability of manganese nitride and its apparent low
selectivity towards ammonia generation when undoped. 15% of the total lattice nitrogen vs
3.1 % was reacted upon the doping of lithium. Hua et al. [92] investigated the thermodynamics
of different iron nitride couples that might be suitable for CLAS. In their work they show, by
theoretical calculations and comparison of Gibbs free energy, the spontaneity of the reaction of
nitrides with hydrogen under different conditions. The feasible Fe-based nitrogen carrier was
Fe2N/FesN with most suitable conditions for the nitridation reaction of temperature of 200-500
°C, 5-20 bar, and a molar ratio of reactants of Fe and N> of 8:1. For the amination reaction, the

conditions are, 200—400 °C, pressure is under 5 bar, Nitrogen carrier : Hz is 2:3. According to
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this simulation, 0.392 kmol of NHs is produced in one chemical loop cycle. Li et al. [93] studied
the reaction for Ru/3LaN/ZrH2, and showed that the doping of LaN not only decreases the
activation energy, but also revealed that the N*of LaN reacts with H™ ions to produce NHs,
leaving behind N and H vacancies. The initial state of Ru/xLaN/ZrH; can be recovered with a
full replenishment of the nitride phase under 25%N>:75%H. reaction medium. With a synthesis
rate up to 305 mmolnms gru ™! h! at 350 °C under 1 MPa, this nitrogen/hydrogen carrier has
potential for CLAS. Another investigation by Wang et al. [94] reported the N-sorption
performance of 18 Mn-/Fe- based nitrogen carriers supported on 2—50% (w/w) Al.O3z within
the temperature range of 700—900 °C. The objective of this study is to identify feasible nitrogen
carriers with high N-sorption capability and strong mechanical properties. The general
observation revealed that a lower Al;Oz content (<5 wt %) together with a moderate bed
temperature (800 °C) promoted the nitrogen fixation ability and physical structures of nitrogen
carriers. The reaction temperature exerted a stronger effect on the performance of N carriers
than the support content. Support material could only alleviate the agglomeration phenomenon
to some extent at 900 °C, while it could significantly improve the gas—solid contact and well
solve the aggregation problem under milder conditions. The best performing nitrogen carriers
were Mn95Al4, Fe98AI2, Mn82Fel6Al2, at 800°C where the numbers correspond to the wt.%
of the respective elements.

Another interesting work by Gao et al. [95] describes the activity of different transition metals
(Fe Co Ni) over BaH, for ammonia synthesis. For a classical reaction under N2/H, flow, no
activity was seen for BaH> under 1 bar and a temperature of 300 °C, while the activity for
20%Fe-BaH> 20%Co-BaH> 20%Ni-BaH, was also modest with a rate of 384, 576, and 48 pmol
gt h'? respectively. Remarkably enough, authors notice an important increase in activity when
they switch to a chemical looping process under the same conditions where in a first step the
nitridation of the hydride support occurs under a flow of pure nitrogen, followed by the
formation of ammonia through the hydrogenation of the nitridated hydride. The activities for
all three catalysts increase 1703 pmol g* h't for iron, 1866 umol g* ht for Co, and 2033 pumol

gt h! thus a factor of over 40 for the activity of Ni on BaH..
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11.2.6 H-B Alternative Catalyst

11.2.6.1 Electrides

An electride is a crystalline ionic salt in which electrons serve as anions. After the discovery of
the first stable electride at room temperature, C12A7, by Hosono’s team in 2003 [96], these
types of materials have been extensively studied for various applications due to their exotic
characteristics [97]. Electride-based catalysts, and more specifically ruthenium catalysts with
electride supports have been widely studied for ammonia generation. Hosono et al. [98]

investigated the inorganic electric [Ca2aAl28064]**(€7)4 as an electride support for Ru (Figure

13).
Figure 13: Crystal structure of a relaxed cage containing 1/3 " in C12A7:e [99]

With 1.2 wt.% of Ru, at 400 °C and 10 bar, the catalyst showed an activity of 8 245 pmol g* h-
! which was attributed to its strong electron donating ability thus facilitating the breaking of the
dinitrogen triple bond (the rate determining step in the conventional mechanism) in turn
decreasing the activation energy (49 kJ mol* compared to 120 kJ mol* for Ru/Cs-MgO) and
its hydrogen storage ability. Another noteworthy ruthenium electride catalyst is LaRuSi [100],
which after an etching pretreatment with an acidic 5 mM EDTA-2Na solution for 5 h, was able
to achieve 5 340 umol gt h™ at 400 °C and 0.1 MPa. The purpose of the acidic etch is to modify
the surface structure of the intermetallic, by selectively etching La and Si layers to expose more
Ru active sites at the surface. An extensive kinetic study was done on Ru/C12A7:e” (Ruthenium
loaded 12Ca0.7Al,03) for ammonia synthesis by Kitano et. al [101], showing the boosting
effect of an electride support for the N-N triple bond cleavage thus changing the RDS to NHx
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species formation. In this report, through nitrogen/hydrogen isotopic exchange and hydrogen
adsorption/desorption experiments, it is shown that fast cleavage of the triple bond is ensured
by efficient electron transfer from the support to the N> molecules adsorbed on Ru
nanoparticles. This shift in reaction mechanism is also supported by the activation energy which
is 49 kJ mol [98], unlike conventional Ru catalysts that fall in the 80-120 kJ mol™ range. With
1 wt.% Ru on C12A7:e", under ambient pressure and 400 °C, the rate achieved was 2800 pmol
gl h't Reaction orders were also calculated [101] where the rate of ammonia synthesis r is given

by:r =k PIS‘Z Plfz PA),/HS, where k is the rate constant, and a, P, y are the reaction orders toward

N2, Hz2 and NHz respectively. While the reaction order is 0.8-1.0 for conventional heterogenous
catalysts for ammonia synthesis, a in this case is 0.46 which is in accordance with the former
statement regarding the modification of the RDS. A positive reaction order p = 0.97 on a Ru
based catalyst is also not common, since Ru usually exhibits Hz poisoning due to its high
adsorption affinity. With C12A7:e", H adatoms can be incorporated into the support structure
(H° + e —H) and later on released (H- —H? + e ); this storage-release reaction drastically
decreases Hz poisoning on Ru nanoparticles. Finally, an NHs reaction order of y = -1.0 suggests
an activity for ammonia decomposition. Thus, ammonia product must be directly removed from
the catalytic bed.

Even with the promising activities obtained, one cannot forget the cost behind such ruthenium
rich catalysts, and the energy consuming method of preparation of these electrides, with at least
two weeks in arc furnace at temperature as high at 1500 °C.

11.2.6.2 Hydrides

Hydrides have also been extensively studied for ammonia synthesis as promoters/support for
several metals such as Ni, Fe, Co, and of course Ru. Some hydrides have been implemented in
chemical looping process mentioned earlier; thermal catalysis will be discussed here. A pioneer
work by Kobayashi et al. [102] showed the activity of TiH2 and an oxyhydride BaTiO25Ho for
ammonia synthesis with no transition or noble metal addition. These materials showed a modest
activity of 1-2 mmol g h™* at 400 °C and 50 bar. The authors suggested that a rare Hydrogen-
MvK mechanism can be in play. The hydride was shown to partially nitride during the reaction
resulting in a hydride/nitride catalyst. With an activation energy of 70-80 kJ mol™ and reaction
orders of a(N2):B(H2):y(NH3) of 0.84:0.53:-1.2, authors suppose a modification of the reaction

mechanism with a change in the rate determining step. With the addition of Ru, Fe, Co on the
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oxyhydride BaTiO25Ho.s [103], the rate increases to 28.2, 14, and 5.5 mmol g h't respectively.
When compared with their oxide counterparts, the activity has increased significantly for all
catalysts, with a factor of 400 for the cobalt containing catalyst. This higher activity is attributed
to the elimination of H. poisoning that noble metals suffer at high pressures due to excessive
adsorption of H; as seen with the conventional Ru catalyst. This hydrogen poisoning leads to
negative value of the H> reaction order as seen with Cs-Ru/MgO with § =-0.9 [104]. By
providing adequate hydrogen spillover capacity from the active sites, the addition of the hydride
avoids Hz poisoning resulting in positive reaction orders toward Hz. In the case of Co and Fe,
the use of oxyhydride support, in comparison with the oxide BaTiOs support, significantly
decreases the activation energy (range of 100-130 to 50-70) and N2 reaction order a (1.24 for
Fe/BaTiOz to 0.5 for Fe/BaTiO2.4Hos). Another example of low o was seen with Co/LiH in the
work of Wang et al. [105], where the authors attributed this significantly smaller N2-reaction
order (0.48 vs conventional 1) to the creation of N-poor transition metal surfaces thus favoring
the N2 dissociation. After the dissociation, the N is transferred from the transition metal to LiH
where it hydrogenated to produce NHs, where the hydrogenation on the LiH phase becomes the
rate determining step (N-H step). More works from Hosono’s group, published by Hattori et
al. [106], investigated the activity of Ru/CaH: as well as the effect of the addition of BaO.
Unlike TiH>, as far as we know, no results on the activity of CaH> have been reported, but
numerous exist on Ru/CaHz. An activity of around 7.4 mmoINHz g h'* under ambient pressure
and temperatures as low as 340 °C was reported for 10 wt% Ru/CaH. The production rate was
stable over the first 10 h of reaction, followed by a significant decrease over time informing on
the deactivation of the catalyst. Upon the addition of BaO, not only is the catalyst stable for
over 200 h, but also at the same conditions a superior activity of 10.5 mmol g h't was reported.
When comparing the activation energies (68 kJ mol™* vs 41 kJ mol? for Ru/BaO-CaH>) a
different mechanism is proposed. The authors suggest that after a solid-state reaction between
BaO and CaH: , a BaO-BaH: phase is formed on which Ru particles are favorably deposited,
leading to the formation of hydride defects and hydrides through Ru, due to the ability of
hydrogen release and storage reactions of BaO-BaH>, which in turn enhances the catalytic
production of ammonia. One more mention-worthy study on oxynitride-hydrides, is that on
specifically Ru/BaCeOsxNyH [107] with an activity of 5 mmol g h at 300 °C and 10.1 mmol
gl h' at 400°C under ambient pressure. The production of ammonia was governed by a MvK
mechanism with two possible routes as shown in Figure 14. In the first route, the release of
electrons back to anions vacancies (V) after the binding of lattice nitrogen species with either

H atoms on the TM surface or H™ ions in the lattice, facilitates the N-N triple bond cleavage.
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While the second route, is an associative mechanism where N-N cleaves by the addition of
hydrogen. In both cases, lattice N*> and H-ions participate in the ammonia synthesis reaction
which accounts for the low activation energies (40-62 kJ mol?) thus shifting the rate

determining step from N2 dissociation to N-H bond formation.
NH3 “
Y
o o
00000¢
000 +O

BaCeO; ,N/H, BaCeO; ,N/H,

a

Figure 14: Two possible routes for ammonia synthesis on TM/BaCeO3.xNyH [107]

11.2.6.3 Nitrides

Another route for ammonia synthesis that has been intensively investigated, is catalysis with
nitrides. A number of studies describe the nitrogen reduction to NHz on bulk nitride catalysts
such as binary nitrides of molybdenum, uranium, vanadium, tantalum, rhenium, cerium, and
even ternary nitrides such as CosMosN, NizMosN, FesMosN. The metal nitride material acts as
a nitrogen transfer medium where the nitride can be reduced using Hz in a first step to produce
ammonia and regenerated in a second step using N. This nitrogen-based Mars van Krevelen
mechanism is expected to result in facilitated N» dissociation step over N-vacancies thus
diminishing the strength of the N=N bond [11].

The N2 binding energy is a critical point for an appropriate ammonia catalyst. In 2001, Jacobsen
et al.[108], described a simple strategy in order to develop rational catalysts according to a
volcano curve (Figure 15). This figure shows the turnover frequency obtained in the ammonia
synthesis reaction carried out at 400 °C and 50 bar of pressure as a function of the adsorption
energy of nitrogen over different metal surfaces. This curve predicts the reactivity of the metal
for the ammonia synthesis thus allowing the prediction of an optimum catalyst composition.
Among the pure metals, the curve shows that Os and Ru are the best catalysts. The dependence
of the catalytic activity on the nitrogen adsorption energy is due to the linear relationship of
(Bronsted-Evans-Polanyi) between the activation energy and rate limiting step [109]. With this
curve, it is possible to observe that since Mo binds to N2 too strongly, while Co too weakly,
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their binary nitride resulted in an optimum catalyst, with TOF close to that of Ru. This explains

the higher activity of CosMosN catalyst compared to the Haber-Bosch catalyst.
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Figure 15: Calculated turnover frequencies for ammonia synthesis as a function of the
adsorption energy of nitrogen. The synthesis conditions are 400°C, 50 bar, gas composition
H2:N2 3:1 containing 5% NHz [11]

Hargreaves and coll. worked on several nitride materials for ammonia synthesis and nitrogen
transfer properties. One of their works [110] showed that low levels of Co in tantalum nitride
in fact enhances the reactivity at lower temperature. Under a flow of 60 mL min™ of Hz:Ar (3:1)
at 500 °C, the ammonia yield obtained was around 380 umol during the first 5 hours and a total
of 950 umol after 24h. This amount corresponds to 52% of the total available lattice nitrogen
consumed by reaction with hydrogen [110]. Another noteworthy report on tantalum nitrides,
Geng et al. [111] performed a complete cleavage of the triple bond N2 with TaoN*. This
disassembly and reassembly of N2, constitutes a full catalytic cycle that provides solid evidence
for the gas-phase operation of a Mars van Krevelen type mechanism. The full catalytic cycle is
suggested to be governed by the donation of d-electrons from the 2 Ta metal centers into
antibonding m*-orbitals of N2 and by the concurrent shift of electrons from bonding n- and c-
orbitals of N2 into empty d-orbitals of the metal. A DFT study was performed on the adsorption
of H> and N2 over Co promoted TasNs. It was shown that cobalt can lower the vacancy
formation energy for nitrogen and also become active centers for chemisorption of hydrogen
[112].
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Manganese nitrides have also been investigated for ammonia synthesis, but are originally stable
and need high temperatures to react. Laassiri et al. [113] showed that the addition of lithium as
a dopant results in ammonia synthesis at temperatures as low as 300 °C. Another DFT study,
by Shan et al. [114], shows that the manipulation of the geometric and electronic structure of
manganese nitrides allows to increase its reactivity towards ammonia synthesis. In conventional
manganese nitrides, only 3~8 % of lattice N are converted into NHz , while when altered with

Fe, Co, or Ni, the conversion is predicted to significantly increase.

In metal nitride type catalysts, CosMosN is by far the most studied for ammonia synthesis, for
this ternary nitride system is thought to be more active than ruthenium based catalysts according
to DFT calculations of TOFs for ammonia synthesis at 400 °C and 50 bar [11]. In 2001, Kojima
et al.[115] first investigated CosMosN for ammonia generation. Starting with cobalt
molybdenum oxide hydrate, an ammonolysis step was performed to transform the oxide into
nitride under pure ammonia for a total time of 19 hours at temperatures as high as 700°C. The
nitride was then pretreated under 3:1 H2:N2 at 700°C for 3 h in order to activate the catalyst.
The ternary nitride showed activities of 652 umol g h"t when unpromoted at 400 °C and 1 bar
and up to 869 and 986 umol g* h'* when promoted with Cs and K respectively. Other works
reported on the synthesis and activity of CosMozN, but with activities that are significantly

lower than that reported by Kojima (167 pmol g* h™1 [116] vs 652 pmol g* h?).

To summarize the results of alternative H-B catalysts, specifically at low pressures and

temperatures, table 3 reports a wide variety of them below.
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Table 4: Catalytic ammonia synthesis activities at low pressures. This table has been

reformulated from [117]

Rate Temperature Pressure Ratio WHSV
Catalyst umol.ht.g? °C bar H2:N2 mL.gt.h?
Fe-K20-Alz03 330 400 1 31
CosMo:N 652 400 1 31 9000
5%-K-CosMosN 869 400 1 31 9000
30%-K- CosMosN 364 400 1 31 9000
2%-Cs- CosMosN 986 400 1 31 9000
20%-Fe-BaH> 384 350 1 31 60 000
95%-Fe-5%Co 820.07 400 1 3:1 -
85%-Fe-15%Ni 334.354 400 1 3:1 -
1% Fe/BaTiOsx Hx 14 000 400 50 31 66000
Fe/40%-LiH 11 428 350 10 31 60 000
2%Ru/HT-C12A7:¢ 2290 340 1 31 18 000
10%Ru/Ba0O-CaH: 10 500 340 1 31 36 000
10%Ru/CaH: 7400 340 1 31 36 000
2%Ru/BazZrOs 3630 400 1 31 36 000
2%Ru/BaZrosY0103 4000 400 1 31 36 000
2%Ru/MgO-6.4wt.% Cs 4200 400 26 31 -
4%Ru/Al,Os 390 400 50 31 -
LaRusSi 5340 400 1 31 36 000
CeRuSi 5480 400 1 31 36 000
CoRes 943 400 1 31 12 000
Co/C 0.87 Ba/Co 43 200 400 10 31 -
Co 11.5 wt% CeO2, Ba 195 880 400 63 31 175 000
y-MozN 34 400 1 31 9000
B-Mo2No.7s 35 400 1 31 9000
3-Mo:zN 4 400 1 31 9000
CosMozN 167 400 1 31 9000
FesMosN 95 400 1 31 9000
NizMosN 29 400 1 31 9000
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iv.

I1.3 Concluding remarks

Considered as a major discovery of the 20th century, and now needed to supply nearly 70% of
the world population, ammonia and its synthesis process have been and will continue to be a
major focus of academic research. Over 150 million tons of ammonia are produced each year,
making it the second most manufactured chemical in the world. While 80% of ammonia
production is used in the fertilizer industry, many other industries rely on NHs3 for the
manufacture of many products (explosives, some plastics and chemicals, some
pharmaceuticals). Recent works have highlighted ammonia for energy storage applications, due
to its potential as a carbon-free molecule that hydrogen storage. With this high demand for
ammonia, the conventional industrial process, H-B process, yields in significant environmental
disadvantages, whether it is the sizeable carbon footprint or the important energy consumption.
The need for efficient low-pressure and decentralized ammonia synthesis is therefore becoming
urgent. Many recent studies propose new catalysts operating under mild synthesis conditions,
using various approaches such as electrosynthesis, photocatalysis, plasma-assisted catalysis as
alternatives to traditional thermal catalysis which all have both strong and weak suits. In the
case of H-B alternative catalysts for low pressure low temperature synthesis, the following

limitations are present in the technologies today:

I. Catalyst operating at low temperature and low pressure: In order to operate the transition
from reformed H> (produced from natural gas) to electrolyzed H. (from water) the working
pressure must be between 10-50 bar (alkaline electrolysis). Optimized conditions should be
found to work at lower temperatures in the pressure range, to retain sufficient conversion at
the thermodynamic equilibrium. Many of the competitor catalysts, developed for Haber
Bosch conditions, are not active before a pretreatment process at high temperatures and show
no activity at T lower than 400°C.

Oxygen poisoning: Traces of oxygen in the gas feed leads to poisoning of catalysts greatly
reducing their activity. Extensive purification of gas feeds, as existing in the Haber Bosch
industrial units, result in higher costs industrially and more energy consumption. The
engineering of a catalyst that is oxygen tolerant is essential for large scale.

Stability: The incorporation of these catalysts in a reaction system can only be done if the
catalysts are stable at the working T and P

The cost: in any industrial process, an economic point of view must be considered. Even
with very active and promising catalysts, their expensive precursors will limit their

application in real processes in the case of Ru based formulations (electrides, Ru supported).
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Scalability: To transition from a research laboratory scale to an industrial scale, methods of
preparation and scalability must be considered. Processes such as ammonolysis and long
annealing hours in arc furnaces render these catalysts harder for large batch production (case

of nitrides and electrides).
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Chapter I1: Experimental Overview

II1.1 Material Synthesis

111.1.1 Starting Materials

All chemicals needed for the preparation of the catalysts mentioned in the manuscript
were used without further purification: tetraethylorthosilicate (Si(OC2Hs)s, TEQOS, 98 wt.%,
Sigma-Aldrich), non-ionic triblock co-polymer Pluronic P123 (poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), average MW~5 800, Sigma-Aldrich),
cobalt nitrate (Co(NOgz)2.6H20, 98%, Sigma Aldrich), ammonium para-heptamolybdate
(NH4)sM07024.4.H20, 99%, Alfa Aesar), Al,O3 (Saint-Gobain NORPRO SA6176), SiO2
(Saint-Gobain NORPRO SS61138), TiO2 (Saint-Gobain NORPRO ST61120) and CeO:
(Solvay ECL15), Cesium nitrate (CsNos, 99.8%, Alfa Aesar), Gallium metal (Ga, 99.9%, Alfa
Aesar), Molybdenum Carbide (Mo02C -325 mesh, 99.5 % Alfa Aesar), cobalt chloride
hexahydrate (CoCl2.6H20, 98%, Sigma Aldrich).

111.1.2 Bulk MoN, and dispersed Mo,N on different supports

Preparation of Mo2N. Molybdenum oxide was first prepared by a hydrothermal synthesis
method. The Mo precursor (ammonium molybdate tetrahydrate) was dissolved in distilled
water. The pH was adjusted to 1 by adding dropwise a 2M solution of HNOs. Thereafter, the
solution was submitted for 12 h to hydrothermal ageing at 180 °C in a Teflon-lined autoclave.
After recovering by filtration, the solid was washed with water until neutral pH and dried at 60
°C overnight. The sample was then calcined at 300 °C, 1.5 °C min during 5h. The resulting
oxides were nitrided during the pretreatment. All nitridation steps will be described in part I11.1

(Ammonolysis and Pretreatment.)

Preparation of SBA-15 silica. SBA-15 was synthesized according to a classical procedure
initially proposed by Zhao et al [1]. 4 g of Pluronic P123 was dissolved in a 1.6 M solution of
HCI at 40 °C under stirring for 24 h. Then, 8.5 g of tetraethyl orthosilicate (TEOS) was added
dropwise and left under stirring at 40 °C for 24 h. The resulting suspension was submitted to a
hydrothermal ageing at 100 °C during 24 h. After recovering by filtration and washing with
water, the solid was dried at 80 °C overnight and then calcined at 550 °C for 6 h at a heating

rate of 1.5 °C minL.

Preparation of Mo-N/support catalysts Supported molybdenum oxides were prepared over

different commercial supports (Al>O3z, SiO», TiO2 and CeO: ) and calcined mesostructured silica
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(SBA-15). Molybdenum oxide loading was fixed to 10 wt.% over each support. The supported
materials were synthesized by incipient wetness impregnation (IWI). The calculated weight of
Mo precursor ((NH4)eM07024.4H>0) was dissolved in a volume corresponding to the pore
volume of the respective support and then mixed. The mixture was aged during 5 days at 25 °C
and then calcined at 400 °C, 1.5 °C min™ for 5 h.

All the samples underwent a pretreatment step before the catalytic reaction in order to transform
the oxide into nitride (111.1).

111.1.3 Bulk CosMosN, and dispersed CosMosN on different supports

Preparation of CosMosN. Firstly, CoMoO4 was prepared by dissolving the required quantities
of cobalt nitrate and ammonium heptamolybdate in deionized water (4.00 g Mo precursor and
5.59 g of Co precursor) The solution was then heated under reflux at 85 °C for 12 h. The
resulting purple precipitate was recovered by filtration and washed with deionized water and
then ethanol, after being dried at 100 °C for 12 h. The powder was then calcined at 500 °C (1.5
°C mint) for 6 h to form the desired CoMoO4 phase. After calcination, the oxide was converted
to its nitride counterpart (CosMozN) by an ammonolysis step described in 111.1.

Preparation of CoMo-N/SBA-15 catalysts. The SBA-15 support was prepared according to a
hydrothermal method, under acidic conditions as described in the previous section.
CoMo/SBA-15 catalysts with different loadings (X=10, 20, 30 wt.%) were prepared by an
adapted impregnation-infiltration protocol. In the first step, Mo was impregnated on SBA-15
by incipient wetness impregnation followed by mild drying (IWI). The aqueous molybdenum
precursor solution was mixed with the support and gently dried at 25 °C for 5 days. The solid
was then calcined at 400 °C (1.5 °C min™) for 5 h. At this step, SBA-15 supported MoOs is
obtained. In a second step, cobalt was added to the as prepared solid by Melt Infiltration (MI)
method. In this method, the cobalt nitrate precursor was first ground with Mo-SBA-15 powder.
The resulting solid was then transferred in a Teflon-lined autoclave and submitted to a thermal
treatment at 57 °C for 4 days. Then, the solid was calcined at 500 °C (5 °C min™) for 5 h.
Ammonolysis and pretreatment were performed to obtain the corresponding nitride before

reaction. (See 111.1)

111.1.4 Mo-based MXenes and Co incorporation

The starting material of our MXene multilayers, is the corresponding MAX phase, in our
case Mo2GaxC. For this synthesis, appropriate masses of Ga and Mo,C were added into a quartz

tube and placed under vacuum, and annealed at 850 °C for 360 h. A tilted furnace, and the
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constant rotation of the tube ensured that the phases do not separate. The resulting product was
washed overnight with concentrated HCI in order to remove any excess of unreacted Ga to give
us Mo.Ga>C. MoCTx multilayer MXenes are prepared by etching Ga from the MAX like phase
Mo.Ga,C using HF as an etchant as seen in previous work [2]. 4 g of M0.Ga>C where added
slowly into a solution of 40 mL of 50% HF and left to etch under stirring at 55 °C for 100 h.
The following solution was centrifuged and washed several times until obtaining a neutral pH
(~6-7) and then dried in a vacuum oven at 70 °C for 24 h in order to obtain multilayer Mo,CTx.
A wetness impregnation method was used where 1 g of Mo2CTx was impregnated by a volume
of 1 mL of precursor solution. The solution was then left in a desiccator for 4 days under
ambient temperature. The resulting product was annealed under a flow of 120 mL min? of
Argon at 350 °C for 5 h. Different loadings of cobalt were prepared (1, 5,10 wt.%) and different
precursors (cobalt chloride and cobalt nitrate) in order to study the effect of both the precursor

and the loading percentage.

II1.2 Characterization Techniques

This chapter describes all the characterization techniques used throughout the manuscript for
structural, morphological, textural, surface, elemental, chemical, and thermal properties, with

more detailed information on the most used techniques.

111.2.1 Structural Properties

111.2.1.1 PXRD

PXRD is an analytical technique that allows to examine the crystal structure of powder-like
materials. It allows the identification of crystalline phases via determination of lattice structural
parameters, and can provide an estimation of crystallite size. Within the X-ray source, the
cathode, consisting of a filament, is heated to produce electrons which are accelerated by the
application of a voltage and used to bombard the anode, a copper tube. When the electrons have
sufficient energy to free the inner shell electrons of Cu, they produce characteristic Cu X-Rays,
Cu Ko lines, having an energy (E) of ~8.04 keV and a wavelength (1) of 1.54 A . These X-rays
are collimated and directed towards the sample. It is essential to note that X-Ray diffraction is
based on the elastic scattering of X-Rays by atoms that compose a matter periodic lattice
structure. Thus, constructive interference takes place once the scattered X-Ray photons become
“in phase” which further enables their detection. Therefore, diffraction of X-Rays by crystal
planes allows to determine interplanar lattice distance (d) by applying the Bragg’s law: nA =

2dsin®; where n is an integer describing the “order” of reflection; A is the X-Ray wavelength, d

57



is the interplanar lattice distance and 6 is the angle of incidence. Upon measuring 26 which is
the angle between the incident and the diffracted beam, one can derive the corresponding

interplanar distances d which are characteristic of a certain given crystalline compound.
Wide angle PXRD

Wide angle PXRD patterns were collected using a Bruker X-ray AXS D8 Advance
diffractometer in Bragg-Brentano geometry configuration fitted with a LynxEye Super Speed
detector. XRD patterns were recorded with Cu Ko radiation (A = 1.54184 A) at 40 kV and 30
mA. Patterns are recorded over a 26 range of 10-80 ©, at a step size of 0.02 °/step and a counting
time of 0.5 s/step. Crystal phase identification was made by comparison with the ICDD

database.

For the MXene series, patterns are recorded over a 20 range of 5-120 ©, at a step size of 0.02

9/step and a counting time of 7 s/step.
Low angle PXRD

Low angle PXRD was performed on a Xeuss 2.0 (Xenocs) instrument operating under vacuum
with a GeniX3D microsource (A = 1.54184 A) at 0.6 mA and 50 kV and a 2D Pilatus 3R 200K
detector. This technique was used in order to study the ordered pore crystallinity in SBA-15.

[11.2.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR is a non-destructive spectroscopic technique used to analyze the molecular structure at
the atomic level of a sample. It is fundamentally based on the fact that many nuclei have spin,
and all nuclei are electrically charged. An energy transfer between the base energy to a higher
energy level is possible upon the application of an external magnetic field. This energy transfer
takes place at a wavelength that corresponds to a radio frequency, and when the spin returns to
its base level, same frequency energy is also emitted. The signals that match this transfer are
measured and processed to yield an NMR spectrum. The exact resonant frequency of this
energy transfer is dependent on the effective magnetic field at the nucleus, which is affected by
electron shielding, which also depends on the chemical environment. Thus, in brief, the more
electronegative the nucleus is, the higher the resonant frequency. A term “Chemical shift” was
defined as & = (v-vo)/vo expressed in ppm where v is the frequency measured while vo is the
frequency of TMS used to normalize the spectrum as a proton reference frequency. The most
commonly used NMR nuclei are *H, **C, and **N. For our work, samples obtained in powder

form were separately packed into either 7 mm or 1.3 mm (outer diameter) rotors. All 1D *H and
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2D H-H correlation experiments were performed on a Bruker Advance NEO4 800 MHz solid-
state NMR spectrometer, equipped with a 1.3 mm double-resonance magic-angle spinning
(MAS) probe head with 50 kHz magic-angle spinning (MAS), operating at room temperature.
1D 'H MAS NMR spectra of all samples were acquired with 32 co-added transients. 2D *H-'H
spin diffusion spectra were acquired with FIDs, each with 4 co-added transients [3]. All *H
chemical shifts are calibrated with respect to neat TMS using adamantane as an external
reference (*H resonance, 1.85 ppm). All 1D 2°Si MAS NMR experiments were performed on a

Bruker Avance 11 400 MHz equipped with a 7 mm double-resonance MAS probehead.

[11.2.1.3 Electron Paramagnetic Resonance (EPR)

Electron paramagnetic resonance spectroscopy (EPR), also called electron spin resonance
(ESR), is a technique used to study chemical species with unpaired electrons. The basic theory
behind EPR is analogous to NMR, where the main difference is that in EPR, we study electron
spin properties, whereas nuclear spins in NMR. Since the mass of an electron is much lower
than that of a proton, the magnetic fields in EPR are less intense than those of NMR, and of
higher frequency. EPR uses microwave radiation to probe paramagnetic species (species with
unpaired electrons), thus can be very helpful when studying transition metal complexes. In
order to understand the principle of EPR, the Zeeman effect comes first to mind. An electron
placed under a magnetic field (Bo) behaves like a magnet and aligns with the axis of the field
in two possible orientations (spin), either aligned with the field (low spin); or aligned opposite
to the magnetic field (high spin). This splitting, also known as the Zeeman splitting, creates a
AE for paramagnetic species, where AE=hv= g B Bo (h: Planck’s constant, v: Frequency, g: g
factor, 3: Bohr’s magneton). CW EPR (continuous wave) experiments were recorded at 9.5
GHz using the Bruker high temperature resonator at 700°C, under 75 vol.% H2/N2 following
the Kinetics, where the spectra were collected for 2 h with a spectrum recorded each 40. The

experimental set up was a modulation amplitude of 1G and a microwave power of 5mW.

111.2.2 Textural Properties

[11.2.2.1 N2 Physisorption

Nitrogen physisorption is a typical analysis done to probe the textural properties of porous
materials at N> liquefaction temperature, 77 K. The most useful characteristics quantified by N>
physisorption include surface area (SA), total pore volume (V) and pore size distribution
(PSD). The critical step prior to a measurement is the sample preparation, done by outgassing
it under vacuum at elevated temperatures to liberate its surface from pre-adsorbed molecules.

Once outgassed, the sample is exposed to N2 gas which is adsorbed onto the sample surface
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through Van der Waals-type weak physical interactions. The quantity of adsorbed gas
progressively increases with N2 pressure therefore yielding a specific adsorption isotherm,
while the reverse process results in a desorption isotherm. The resulting adsorption-desorption
isotherm serves as a general fingerprint of the porous nature of a material indicating its micro
(<2 nm), meso (2-50 nm), macro (>50 nm) or non-porous features. The conventional
assessment method used for measuring SA is the “Brunauer-Emmett-Teller method” (BET). It
is based on the multi-layer model of adsorption and allows estimation of the surface area by
considering the monolayer capacity or the gas quantity in the monolayer and the cross-sectional
area of the gas molecule (~0.162 nm? for Ny). At the same time, the total pore volume is
estimated using the gas quantity at relative pressure close to 1 i.e. ~0.99, where it is mostly
converted to liquid. In this work, textural properties of the synthesized materials were measured
by N2 physisorption experiments performed at 77 K using a Micromeritics Tristar 11 instrument.
Before analysis, a known mass (~50 mg) of solid was treated at 250 °C for 4-6 h .The specific
surface area (Sget) was calculated using the BET method, on the linear part of the BET plot
(p/po <0.3). The total pore volume was calculated on the adsorption branch of the isotherms at

a p/po value of 0.99.

111.2.3 Morphological Properties

The size and shape of solid particles are routinely examined via various types of electron
microscopy techniques. Interaction of the matter with high-energy electrons (primary electron
beam) having wavelengths in the range of interatomic distances or even smaller causes a variety
of phenomena (Figure 1). Thus-produced electrons are used to further derive valuable
information on the chemical composition or internal structure of a sample under study therefore

greatly expanding the application of electron microscopy.
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primary electron beam and the sample (i) as well as the simplified configurations of SEM (ii)
and TEM (iii).

As depicted in Figure 1-i, the electron-sample interaction causes the emission of the following

species:

- secondary electrons (SE) which are emitted by the sample due to inelastic scattering of the

primary electron beam and originate from the surface region, thus providing information on its

topology;

- backscattered electrons (BSE) which are the result of collisions of the primary electrons with
the atoms constituting the sample. They originate from a deeper part than SE and are sensible
to the atomic mass. Therefore, heavier atoms appear brighter in a resulting image due to a higher
yield of BSE;

- X-rays which are generated in the same way as in XRD experiments i.e. due to ejection of an
electron from an inner atomic shell, leaving the atom in an ionized state, followed by the filling
of the vacancy by an electron from an outer shell. This process generates X-ray photons

characteristic to a certain element, which are further used for its identification;

- Auger electrons which are produced following the interaction of X-rays, generated as
described above, with electrons from other shells. They are typically used in Auger Electron

Spectroscopy (AES);

- diffracted electrons which can be used to further derive crystallographic information i.e.

orientation of diffracting planes and interplanar distance (d);
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- transmitted electrons which are a fraction of electrons passing through the sample without
energy loss. Transmission strongly depends on the energy carried by the primary electrons as
well as the thickness of the sample. Higher electron energies and thinner samples favor

transmission.

111.2.3.1 Scanning Electron Microscopy (SEM)

SEM (figure 1, ii) typically uses low-energy electrons of up to 5-15 keV, which are focused on
the sample by a series of lenses. This causes generation of secondary electrons, backscattered
electrons, X-rays and a small portion of diffracted electrons which are used to derive
information on surface topology, particle size and shape (SE), contrast topographic imaging
(BSE), elemental analysis and mapping (X-Rays) and atomic planes orientation (diffraction)
with a typical resolution of 5-10 nm. In this work, SEM micrographs were registered on a JEOL
JSM 6700F microscope using an electron beam energy in the range of 5-15 keV. Before
observation, the samples were covered with a thin layer of Cr (150 A). When SEM was coupled
with EDS (Energy Dispersive X-Ray Spectroscopy) for elemental analysis, the samples were
covered with a thin carbon layer (~200 A) and were observed under an applied electron beam

energy of 15 keV.

111.2.3.2 High Resolution Transmission Electron Microscopy (TEM)

HRTEM usually employs higher-energy electrons of up to 300 keV which are directed onto the
sample following a parallel beam (figure 1-iii). Under these conditions transmission and
diffraction dominate the electron-sample interaction which allow for images with high
resolution of up to 0.3-0.5 nm as well as diffraction patterns and elemental analysis. Herein,
morphology analysis was performed using a TITAN Themis 300 S/TEM equipped with a high
brightness Schottky field emission gun, a monochromator and a probe aberration corrector
allowing energy and resolution of about 150 meV and 70 pm, respectively. The microscope is
equipped with several annular dark field detectors and a super-X detector system with four
windowless silicon drift detectors for electron dispersive x-ray spectroscopy (EDS). The
experiments have been performed at 300 kV with semi-convergence angle of about 20 mrad,
probe size of the order of 500 pm and probe current between 60 and 100 pA. For high angle
annular dark field (HAADF) imaging the c collection angles have been between 50 and 200
mrad. EDS mapping has been obtained in spectrum imaging mode with dwell time per pixel of
about 15 ps and continuously scanning frames until total acquisition time of about 15 to 20
minutes. All the nitride SBA-15 samples were frozen at -120 °C in distilled water and then cut
at 70 nm depth samples on an ultramicrotome equipped with a 35° diamond knife (Leica UCT
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Ultracut). Cuts were then deposited on a 200 mesh lacey carbon grid for analysis. For the rest

of the samples, powders were simply placed on lacey carbon for analysis.

111.2.4 Surface Properties

[11.2.4.1 X-ray Photoelectron Spectroscopy (XPS)

XPS is a semi-quantitative technique for measuring the elemental composition of the surface
of the material, and also determines their oxidation states. This ultra-high vacuum technique is
able to probe to a depth of 10 nm. XPS is based on the photoelectric effect (Figure 2) during
which a sample adsorbs a photon energy (hv) which forces a valence electron with a binding
energy (BE) to be ejected with a kinetic energy (KE). The latter is determined by the
conservation of energy. Surface electrons escape with no energy loss. Typically, an XPS
spectrum represents the intensity of thus-ejected photoelectrons plotted as a function of the
binding energy which is derived from their corresponding kinetic energy according to this
simplified equation: BE = hv — KE. Each element has a set of characteristic binding energies
permitting the identification of elemental species from XPS spectra. Also, the number of
photoelectrons is proportional to the concentration of the element, thus after background

removal and deconvolution of peaks, elemental quantification is also feasible.
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Figure 2. Photoelectric effect diagram [4]

XPS spectra were recorded on a Kratos Analytical AXIS Ultra DLD spectrometer employing a
monochromatic Al Ko X-ray radiation (1486.6 eV), with an electron analyzer operating in a
fixed pass energy of 20 eV. All Binding Energies (BE) were referenced to the carbon signal
corresponding to C-C bonding in the C 1s core level at 284.8 eV. A pre-treatment chamber was
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used for some samples in order to mimic the catalytic pre-treatment, prior to analysis, at 700
°C for 2 h under a 60 mL min! flow of 75 vol.% H2/N,. For example, in the case of CosMosN,
a passivation layer is introduced after ammonolysis in order to protect the nitride. Since XPS is
a surface analysis technique where around 10 nm of the sample’s surface will be analyzed, a
pretreatment is necessary to expose the nitride by removing the passivation layer. The results
were fitted on CasaXPS V2.3.24. With the help of XPS, it is possible to not only study the
evolution of the oxidation states before and after reaction, but also confirm the formation of a
nitride from the N 1s peak (overlays in 3p Mo region). Figure 3 shows XPS spectra in the 3p
Mo region of the three stages underwent in CoM0O4. Not only is there a shift to lower binding
energies that confirms the Mo reduction after ammonolysis and after pretreatment, but also an
evident N 1s peak confirming the nitride formation. Fittings were done following work done
by Biesinger et al. and Baltrusaitis et al.[5], [6], and other references on nitrides in the literature

that will be discussed in detail in upcoming chapters.

3p Mo

Co3M03N/H2:N;A

CPS

425 420 415 410 405 400 395 390
Binding Energy (eV)

Figure 3: XPS profile of 3p Mo binding energy region for CoMoO4, and CosMosN before

and after nitridation.

111.2.5 Elemental Analysis

[11.2.5.1 Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES)

ICP-OES is a powerful analytical technique used to qualitatively and quantitatively determine
the elements composing a sample under study. The principle behind this technique is based on
the excitation of electrons from the ground state to an excited state using a hot plasma as an
energy source. As electrons return back to the ground state they emit light at a specific
wavelength which is analyzed by means of optical emission spectroscopy. By measuring the
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intensity of each wavelength, it is possible to calculate the proportion of each element in a
sample. Therefore, in this thesis, chemical composition of the synthesized materials was
determined by means of ICP-OES. Analyses were performed on a Perkin ElImer Optima 2000
DV instrument to determine the chemical composition of the solids based on Co Mo materials.
Before analysis, a known amount of sample was dissolved in a diluted HF-HCI solution, and

then heated under microwave until complete dissolution before exposition to the plasma.

111.2.5.2 Carbon Hydrogen Nitrogen and Sulfur analysis (CHNS)

CHNS is a technique to qualitatively and quantitively analyze the organic matter in a solid
sample. The principle behind the analysis lies in combustion of the specimen followed by
determination and quantification of the combustion products. In this thesis, the CHNS
compounds were determined using the thermo scientific FlashSmart automated elemental
analyzer. The samples (~10 mg) were weighed in tin (Sn) containers and introduced into the
combustion reactor maintained at 950 °C and promoting dynamic flash combustion of the
sample. The products are then directed into the column reactor filled with copper oxide for their
oxidation and pass through the nickel reducer. The N, C, H and S were therefore detected as
N2, CO2, H20 and SOy, respectively. The resulted gases were separated in a packed column
heated at 65°C and detected by a thermal conductivity detector. The analysis duration was 10
min with 3 repetitions performed for each sample.

111.2.6 Chemical and Thermal Properties

[11.2.6.1 Temperature Programmed Reduction (TPR)

TPR is a material characterization process commonly used in catalysis especially for supported
metal and oxides catalysts. This techniques gives insight on the reducibility of the active phase
and some notion on its accessibility. During TPR, a diluted H> mixture is passed over the
catalyst with the linear increase of temperature with time. The consumption of H; is measured
by a TCD to give us a TPR profile consisting of H> consumption as a function of temperature.
Temperature programmed reduction under H (H2-TPR) was conducted in an Autochem
chemisorption instrument (Micromeritics) equipped with a TCD. Before analysis, the samples
were pre-treated up to 200 °C under 50 ml min of synthetic air (heating rate of 5 °C min, 30
min). After cooling down to room temperature, the H,-TPR was performed under 50 ml min™*
of 5.0 vol. % Ha:Ar until 1000 °C, with a temperature ramp of 5 °C min. The reduction was

conducted from 25 °C to 1000 °C, with a temperature ramp of 5 °C min* and held for 30 min.
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111.2.6.2 Temperature Programmed desorption (H2-TPD)

Similarly, to H>-TPR, in order to analyze hydrogen chemical adsorption on our active sites, Ho-
Temperature programmed desorption (H2-TPD) was conducted in an Autochem chemisorption
instrument (Micromeritics) equipped with a TCD. In a typical test, 0.5 g of Mo-O/support was
added to the reactor and pre-treated under similar conditions of the pre-treatment reaction in
order to obtain Mo-N/support (700 °C for 2 h under 75 % Hin N2). The reactor is then cooled
under the same gas mixture to reach ambient temperature. Ar gas flow was used in order to
purge the sample for 1 h followed by the adsorption of Hz (5% H> in Ar) and switched back to
Ar for 1 h to remove all the physisorbed molecules of Hz. The H> desorption was measured by

increasing the temperature (1 °C/min) until reaching 700°C.

111.2.6.3 Thermogravimetry Analysis with Differential Scanning Calorimetry (TGA-DSC)
TGA is an analytical technique of thermal analysis during which the mass of a sample is
continuously measured as a function of increasing temperature. Coupled with DTA
(Differential Thermal Analysis) or DSC (Differential Scanning Calorimetry), it allows
identification of the phenomena taking place at different temperatures and including
combustion, desorption, phase transition, and others. Importantly, TGA enables establishing
the thermal stability of materials by quantifying, for example, the organic fraction in them and
the temperature at which its combustion starts. Therefore, in this work thermal stability
properties were evaluated by recording the TG and DSC profiles with a thermal analyzer
instrument Q600 from TA Instrument within the temperature range 25-800 °C at a heating rate
of 5 °C-min’t under N, flow (100 mL min™).

I11.3 Reaction Conditions & Catalytic Tests

111.3.1 Ammonolysis and Pretreatment

To convert certain oxides into their nitride counterparts an ammonolysis step is needed. All the
synthesized materials were subject to an ammonolysis step under NHz (BOC, 99.98 wt.%) at a
flow rate of 60 mL min™ at 785 °C for 5 h. Then, the material was cooled down to ambient
temperature under ammonia flow. Upon reaching room temperature, the catalyst was purged
using N2 (100 mL min't) for 1 h followed by a passivation step under a low concentration of

oxygen gas mixture (99.9 % N2/ 0.1 % O) for overnight.

For other oxides, a pretreatment is sufficient to convert the oxide into nitrides as seen in the
case of Mo2N pre-treated at 700 °C under a 75 vol.% Hz2/N; (BOC, 99.98 %) gas mixture at a

total gas flow of 60 mL min™* for 2 h.
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In the cases of the catalysts present in this manuscript, CoMoOs related samples (bulk and
supported) underwent ammonolysis and pretreatment before reaction, MoOs related samples
underwent only pretreatment before reaction, whereas Mo-Mxenes related samples did not

undergo either.

111.3.2 Ammonia Synthesis

Experimental setup:

Figure 4. Catalytic set-up for ammonia synthesis and ammonia decomposition developed
during this PhD

Figure 4 displays the catalytic rig that was developed during this PhD. It consists of a vertical
split-tubular furnace in which the quartz reactor is placed. The latter is suspended with
Swagelok fittings (enter and exit) that allow the gases to flow into the reactor and towards the
analyzer. Each gas line (N2, reaction mix 3:1H2:N2, 1% O2:N2, and NHa) is equipped with its
corresponding gas cylinder and regulator, mass flow controllers (MFC), 2-way valves, and
filters and check valves to protect the MFCs and keep different components separate. The
selected flow can then pass either through the bypass or the reactor, to the exit which is
connected to an FTIR/UV for ammonia decomposition, and into a diluted H.SO4 solution that
is monitored by a conductimeter for ammonia synthesis. This set-up has been verified for leaks,
calibrated, and tested for reproducibility.
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Catalytic activity measurement: In a typical reaction test, a certain mass of catalyst was
placed in a quartz reactor under a 75 vol.% H2:N2 (BOC, 99.98 %) gas mixture at a total gas
flow of 60 mL min~?. The reaction was then performed at 400 °C, under the same flow rate of
75 vol.% H2:N2 for at least 10 h. Ammonia production was determined by measurement of the
decrease in conductivity of a 200 mL 0.0018 M H»SOg4 solution through which the reactor
effluent stream flowed monitored as a function of reaction time. The rate of the reaction was
calculated according to the following:

_ Ac X nypz x 60
T mx1076x X,

Where: r is the rate of the reaction for a range of time; A is the average change in conductivity
per minute over a range of time; nyy5 is the number of moles of ammonia that correspond to
the decrease of 1 uS cm™ ; m is the mass of the catalyst; X, is the load wt.% of active phase.
The constants are added for conversion purposes to convert the rate in umol g* h .The
activation energy was also calculated by varying the reaction temperatures (250-400°C) and

plotting In(r)=1/T according to the following:
E,=bXRx1073

Where b is the slope of the line In(r) = b %+ ¢ , R the rate constant, r the rate, T the

temperature in Kelvin, to obtain E, in kJ mol™.

111.3.3 Ammonia Decomposition

1 3
NH3 - ENZ +§H2

For the Mo2N/support series, we also studied the reverse reaction, ammonia decomposition.
The same experimental setup is used, except the detection and quantification of unconverted
NHsz was done using a FTIR/UV (X-STREAM Enhanced General Purpose Process Gas
Analyzer). In a typical test, 0.6 g of catalyst was placed in a quartz reactor under a 15 vol.%
NHz:Ar (BOC, 99.98 %) gas mixture at a total gas flow of 100 mL min~t. The temperature was
programmed up to 700 °C with a ramp of 30 min every 100°C from 250 to 450 °C then a ramp
of 30 min every 50 °C reaching 700°C.
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This section is divided into 2 Chapters (articles) and will be referred to as Chapter I11 and Chapter 1V
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IV.1 Introduction

Owning high catalytic activity and selectivity, molybdenum-based materials are considered key
catalysts in multiple reactions of high industrial and academic interest including
hydrodesulfurization (HDS) [1, 2], oxidative desulfurization [3, 4], CO2 conversion [5, 6] and
ammonia synthesis [7]. The versatility of Mo arises from its (i) redox properties as it possesses
different oxidation states and (ii) its ability, upon reaction with appropriates precursors, to form
a range of carbide [8, 9], nitride [10, 11],phosphide [12, 13] and sulphide [14, 15] materials
with different crystalline structures. The high “malleability” of Mo chemical composition
allows the careful tuning of its electronic properties, textural and structural properties, surface
terminations, site occupancies, defects concentration, and surface properties, which in many

cases are determining parameters controlling the catalytic activity and selectivity.

Over the years, molybdenum related phases have driven much interest in ammonia synthesis
due to the importance of this latter in the production of reactive nitrogen for fertilizer industries.
A wide range of Mo-based catalysts has been studied for ammonia generation including Mo
carbides and supported Mo carbides (f-Mo2C, Mo,C/C support, M02C/CeO3) [16-19], nitrides
and supported nitrides (y-Moz2N, B-Mo2N, MoN, MoNx/ZSM-5),[7, 16, 20] bimetallic Mo
nitrides and carbides (CozMO3N, Ni2MosN, CozMo3C) etc. [21-24]. The application of Mo-
based materials was not only restricted to heterogeneous catalytic ammonia synthesis but was
also extended to alternatives processes such as chemical looping [25], electro-chemistry [26],
and photocatalysis [27, 28]. The interest in molybdenum activity can originally trace its roots
back to the earlier work of Volpe and Boudart [20] and Oyama [29] reporting high catalytic
activity of Mo2N for ammonia synthesis, at atmospheric pressure and 400 °C [29]. However,
throughout the years, the chemical composition, surface exposition, and structure of Mo has
been reported to affect the catalytic activity and reaction mechanism. In instance, differences
in the catalytic activity of B-Mo2N and 3-MoN were reported with the latter being less active at
400°C and ambient pressure [30]. Furthermore, the degree of Mo nitridation was reported to
influence greatly the nature of the rate determining step when metallic and nitride phases are
compared [31]. These differences have been also reported in the case of molybdenum carbides
crystallizing in different structures. The ammonia synthesis activity of B-Mo2C (5.8
mmolnrageat th™) was found to be higher than the a-MoC (2.3 mmolnnagear th™t) at 400°C and
1.0 MPa[32]. These results were explained based on changes observed in adsorption-desorption
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properties of nitrogen, hydrogen and ammonia being dependent on the nature of the crystalline
structure of molybdenum carbide[32]. Considering the structure-sensitive nature of ammonia
synthesis in molybdenum, it is of paramount importance to devise new strategies to improve
the catalytic activity and stability of Mo by the careful tuning of its local structure and chemical

composition.

A further consideration, that is not largely envisioned when designing novel Mo-based system,
is the importance of metal-support interaction in modulating the activity for a given reaction.
Such interactions, referred to in the literature as strong Metal - Support interaction (SMSI), have
been studied extensively in particular for noble metal-reducible oxides such as titania, ceria or
iron oxide [33]. The classical SMSI is usually characterized by a migration of support-derived
species over the metal surface leading to the encapsulation of the active phase which suppresses
its ability to chemisorb small molecules and intermediates [34]. SMSI results in fundamental
changes in the electronic, geometric, and nature of the active phase. In ammonia synthesis,
where the reaction is governed by nitrogen adsorption and activation in the surface, it is of great
interest and importance to comprehend the role of Metal-Support interaction in engineering the
electronic and geometric properties of Mo and by consequences modulating its catalytic
activity. To this end, Mo supported on mesoporous silica (SBA-15) and titanium oxide (TiOz)
has been successfully prepared by incipient wetness impregnation (IWI) and studied for
ammonia synthesis reaction and for ammonia decomposition. SBA-15 was studied as a non-
reducible support presenting (i) high surface area; (ii) highly ordered and uniform mesopores;
and (iii) good thermal stability. On the other hand, TiO, was studied as a reducible support
capable of manifesting SMSI effect. The effect of the support in altering the catalytic activity
of molybdenum was evaluated in ammonia synthesis reaction and in ammonia decomposition.
SBA-15 was found to be the most appropriate support for molybdenum dispersion in both
ammonia synthesis and ammonia decomposition. When supported on a reducible oxide TiO2,
molybdenum showed poor catalytic activity and was prone to quick deactivation especially in
ammonia synthesis reaction. The effect of the nature of support on the physicochemical
properties and catalytic activity of Mo species was investigated through an extensive

characterization study.

73



IV.2 Experimental section

IvV.2.1 Catalysts preparation

Chemicals. All chemicals needed for the preparation molybdenum nitride supported catalysts
and non-supported p-Mo>N were used as purchased without further purification:
tetraethylorthosilicate (Si(OC2Hs)s, TEOS, 98 wt.%, Sigma-Aldrich), non-ionic triblock
co-polymer Pluronic P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol), average MW ~5800, Sigma-Aldrich), ammonium para-heptamolybdate
tetrahydrate (NHz)sMo07024.4.H20, 99 wt.%, Alfa Aesar) and TiO; (Saint-Gobain NORPRO
ST61120).

IV.2.1.1 Mo-N supported catalyst.

10-Mo-N/SBA-15. SBA-15 was synthesized by hydrothermal method, under acidic conditions
as described elsewhere [35]. The supported material was synthesized by incipient wetness
impregnation (IWI). The calculated weight of Mo precursor (NH4)eM07024.4H,0, Aesar) was
dissolved in a volume corresponding to the pore volume of the respective support and then
mixed. The mixture was aged for 5 days at 25 °C and then calcined at 400 °C, 1.5 °C min™* for
5 h. The obtained Mo-O/SBA-15 underwent a pre-treatment step at 700 °C under a 75 vol.%
H2/N2 (BOC, 99.98 %) gas mixture at a total gas flow of 60 mL min™* for 2 h in order to obtain
the nitride form Mo-N/SBA-15.

10-Mo-N/TiO2. Mo-N supported on TiO2 was prepared using by incipient wetness
impregnation (IWI) as described for the preparation of 10-Mo-N/SBA-15, using titania
provided by Saint-Gobain NORPRO (ref. ST61120)

IV.2.1.2 f-MozN preparation:

Molybdenum oxide was prepared by the hydrothermal synthesis method. The Mo precursor
(ammonium molybdate tetrahydrate, (NH4)sM07024.4H20, Aesar) was dissolved in distilled
water. The pH was adjusted to 1 by adding dropwise a 2M solution of HNOs. Thereafter, the
solution was submitted for 12 h to hydrothermal ageing at 180 °C in a Teflon autoclave. After
recovering by filtration, the solid was washed with water and dried at 60 °C overnight. The
sample was then calcined at 300 °C, 1.5 °C min during 5 h. a-MoOs3 underwent a pre-treatment
step at 700 °C under a 75 vol.% H2/N2 (BOC, 99.98 %) gas mixture at a total gas flow of 60

mL min?! for 2 h in order to obtain the nitride form p-MozN.
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N.B. Herein, the samples obtained after the calcination step are denoted X-Mo-O/support. The
catalysts obtained after the pre-treatment step are referred to as X-Mo-N/support, and the post
reaction samples as X-Mo-N-PR/support, where X is the wt% of a-M0O3 (X =10 %. wt).

IvV.2.2 Catalyst characterization

In this article, the following characterization techniques were used: XRD (Low and high angle),
N2 physisorption, XPS, TEM, H>-TPR, H>-TPD, and EPR. For more information regarding the

characterization techniques, please refer to Chapter 2 for all details.

IvV.2.3 Catalytic activity

Ammonia synthesis. The reaction was performed at 400°C and atmospheric pressure using a
gas mixture of 75 vol.% H2/N2 (BOC, 99.98 %) at a total gas flow of 60 mL min™*. 0.15-0.30 g
(supported and bulk respectively) of material was placed in a quartz reactor tube and held
centrally between two quartz wool in the heated zone of furnace. The material was activated at
700 °C (10 °C min) under 75 vol.% H2/N, (BOC, 99.98 %) at 60 mL min~? for 2 h. After the

activation step, the reactor was cool down, and the reaction was performed at 400 °C.

The reactor effluent stream was flowed to a 200 mL of H2SO4 solution (0.0018 M) and ammonia
production was calculated from the decrease in conductivity. The catalytic activity was

monitored as a function of reaction time.

Ammonia decomposition. For the reaction, 0.6 g of catalyst was placed in a quartz reactor
under a 15 vol.% NHa/Ar (BOC, 99.98 %) gas mixture at a total gas flow of 100 mL min~t. The
catalytic activity was measured between 250 and 700 °C by steps of 100 °C (30 min at each
step) from 250 to 450 °C, and steps of 50 °C (30 min at each step) until reaching 700 °C.

Ammonia conversion was determined using an FTIR analyzer.

IV.3 Results and Discussion

IV.3.1 Textural and structural properties

IV.3.1.1 X-ray Diffraction
Figure 1 shows the PXRD patterns recorded in the wide-angle domain for the a-MoOs3, f-Mo:2N,
10-Mo-0O/SBA-15, 10-Mo-N-PR/SBA-15, 10-Mo-O/TiOz and 10-Mo-N-PR/TiOs.
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Figure 1. XRD diffractogram of (a) Unsupported a-MoOs3 and f-Mo2N, (b) 10-Mo-O/TiO; and
10-Mo-N-PR/TiOg, (c) SAXS diffractograms of 10-Mo-O/SBA-15 and 10-Mo-N-PR/SBA-15
and (d) wide angle domain diffractograms of 10-Mo-O/SBA-15 and 10-Mo-N-PR/SBA-15.
*10-Mo-N-PR/TiO2 and 10-Mo-N-PR/SBA-15 are post-ammonia synthesis reaction catalysts

obtained after 1000 min in stream.

First the transformation of bulk molybdenum oxide a-MoOs into B-Mo2N after the activation
step was verified by PXRD (Figure 1-a). Upon the pre-treatment step, a single p-Mo2N phase
was formed. The diffractogram showed intense PXRD reflections indicating the formation of a

well-crystallized material with all the peaks belonging to f-Mo2N phase (PDF 25-1368).

PXRD diffractograms of 10-Mo-O/TiOz and 10-Mo-N-PR/TiO are presented in Figure 1-b. In
both materials, only diffraction related to TiO. with anatase phase (PDF 78-2486) are observed.
The absence of XRD reflections corresponding to the molybdenum oxide/nitride phase suggests
that crystallite size is small and molybdenum species are well dispersed on TiO».
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SAXS patterns of the as-prepared siliceous support were first collected before and after IWI
impregnation and are presented in Figure 1-c. The calcined SBA-15 displays the characteristic
three well-resolved diffraction peaks that can be associated to the (100), (110), and (200) planes
of the p6mm hexagonal symmetry structure reflecting the well-defined and uniform range
mesoporous structure of SBA-15. Upon Mo impregnation, SAXS patterns of 10-Mo-O/SBA-
15 showed that the support maintained its pore structure (Figure 1-c). However, an apparent
shift of the reflection peaks to higher 20 angles can be also observed from 0.88° to 0.93°
indicating a slight pore contraction upon Mo impregnation. No further changes were observed
upon reaction, confirming the stability of 10-Mo-N/SBA-15 catalyst under reaction conditions.
The effectiveness of the dispersion of Mo oxides on the surface of SBA-15 was confirmed by
PXRD in the wide-angle domain (Figure 1-d). The PXRD diffractogram was characterized by
a broad PXRD peaks of amorphous silica and poorly defined reflection peaks related to the
molybdenum oxide phase were observed reflecting a well dispersed active phase. Surprisingly,

upon reaction, no molybdenum nitride reflection was observed.

IV.3.1.2 Nitrogen adsorption-desorption analysis
The textural properties of supported molybdenum oxide were investigated by means of No-

physisorption. The results are summarized in Figure 2, and Table 1.

The unsupported a-MoOs exhibited a type Il isotherm (Figure 2-a) which is characteristic of
non-porous materials and possessed a limited accessible surface area ~ 4 m? g*. The N
adsorption/desorption isotherm of 10-Mo-O/SBA-15 exhibited a type IV isotherm with H1
hysteresis loop which is characteristic of ordered mesoporous materials. Additionally, a narrow
pore size distribution of cylindrical pores ~ 6.6 nm is observed. When compared to the parent
material SBA-15, a significant decrease of surface area from 760 to ~ 465 m? g which was
accompanied with a parallel decrease in pore volume. This concord with partial filling of the
mesopore by molybdenum oxide phase. However, both SBA-15 and 10-Mo-O/SBA-15
displays similar pore size distribution indicating the formation of discrete molybdenum oxide
nanoparticles in the porosity of SBA-15. 10-Mo-O/TiO; exhibited a type IV isotherm with less
marked hysteresis. The accessible surface area of 10-Mo-O/TiO, was found to be ~ 115 m? g*.
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Figure 2. (a) N2 adsorption—desorption isotherms and (b) pore size distribution of 10-Mo-

O/SBA-15 and 10-Mo-O/TiO:s.

Table 1. Textural and reducibility properties of the bulk and supported Mo- based materials.

0-MoO37? Sget? Spe V! D Mean particle
Sample ]

(Wt.%) (m2gh)  (m2g?) (cm*g?) (nm) size’ (nm)
a-MoO3 - 4 - - - NA
SBA-15 - 760 131 11 6.5 NA
10-Mo-O/SBA-15 10.8 465 68 0.82 6.6 1.3£0.3nm
TiO> - 135 3.8 0.44 12.0 NA
10-Mo-O/TiO2 13.2 115 1 0.27 9.7 1.7+0.7 nm

2 0-MoOjz; content measured by ICP-OES in the calcined samples, ® B.E.T. surface area, ¢ Microporous

surface area, ¢ Total pore volume, ¢ B.J.H. mean pore size, fmean particles size of MoNy estimated

from HAADF-STEM analysis with a sampling of 25 particles.

IV.3.1.3 TEM-EDS studies.

Upon ammonia synthesis, the morphology of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 was

studied by means of HAADF-STEM analysis coupled with EDS mapping to investigate the
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local distribution of molybdenum. A selection of high resolution HAADF images of
10-Mo-N/SBA-15 and 10-Mo-N/TiO: s presented in Figure 3 and Figure S1.

Figure 3. Representative lower magnification HAADF images for a) 10-Mo-N/SBA-15 and b)
10-Mo-N/TiOz

As observed in Figure S1-a, the characteristic hexagonal arrays of SBA-15 with the typical 2D
periodic hexagonal structure was maintained in the 10-Mo-N/SBA-15 upon ammonia synthesis
reaction. Furthermore, complementary EDS analysis confirm the high dispersion of
molybdenum nitride species within the 2D-channels of SBA-15. In fact, the particle size of
molybdenum nitride was found to be averaging 1.3 + 0.3 nm (sampling of 25 particles). In a
similar manner HAADF-STEM analysis revealed a high dispersion of molybdenum nitride
species in 10-Mo-N/TiO> catalyst (Figure S1-c,d and Figure 3-b). Furthermore, the particle size
of molybdenum species was slightly larger; than observed in 10-Mo-N/SBA-15; which has been
estimated to be 1.7 £ 0.7 nm. In both 10-Mo-N/TiO. and 10-Mo-N/SBA-15 catalysts, STEM-
EDS analysis confirmed the formation of small nanoparticles and the homogeneous distribution
of molybdenum species within the support. Unfortunately, due to the small particle size, the
low N concentration, and the low N-K peak energy it was not possible to detect unambiguously

the formation of MoNy species.

IV.3.2 Electronic properties of Mo supported samples: XPS and EPR studies
XPS studies. XPS analysis was performed for 10-Mo-O/SBA-15 and 10-Mo-O/TiO2 on

calcined materials. The active form of the catalysts was also studied by means of XPS by
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directly pre-treating the materials in XPS environmental chamber at 700 °C for 2 h under a 60
mL min? flow of 75 vol.% H2/N,. The results are presented in Figure 4, Figure S2, Table 2,
and Table S1-S3.

3d Mo 3d Mo

10-Mo-O/TiO,

10-Mo-N/TiO,
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Figure 4. XPS spectra recorded on the calcined materials (10-Mo-O/SBA-15 and 10-Mo-
O/TiO.) and after nitridation under reaction conditions at 700°C for 2 h in environmental XPS
chamber. (a) Mo 3d region: 10-Mo-O/SBA-15 and 10-Mo-O/TiO., (b) Mo 3d region: 10-Mo-
N/TiO2 and 10-Mo-N/SBA-15, (c) Si 2p region: 10-Mo-O/SBA-15 and 10-Mo-N/SBA-15 and
(d) Ti 2p region: 10-Mo-O/TiO2 and 10-Mo-N/TiOx.
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Table 2. Position of 3d Mo peaks of unsupported and supported Mo based catalyst at different

reactive condition

Mo peaks Surface composition
Mo(V1) Mo(V) Mo(IV) Mo-N Mo(VI1) Mo(V) Mo(lV) Mo-N
3dsy2 3dzz  3dsp 3dar 3dsy2 3dape 3dsp2 3dape % % % %
Mo-O/TiO, 23291 236.05 231.99 235.13 - - - - 70.93  29.07
Mo-N/TiO2 - - 231.00 234.14 229.7 23284 228.49 231.63 - 0.73 21.89 77.39
Mo-O/SBA-15 2328 2359 - - - - - - 100
Mo-N/SBA-15  232.26 235.40 - - 230.05 233.19 22836 23150 12.76 - 20.84  66.40
B-MozN - - - - 229.50 232.65 228.78 231.92 - - 36.34  63.65
a-MoOs3 233.19 236.29 - - - - - - 100

* catalyst subject to pre-treatment under reaction condition at 700°C for 2h in environmental XPS chamber before

analysis

IV.3.2.1 Evolution of Mo oxidation states.

To establish a basis for comparison, unsupported a-M0O3 and -MozN were also investigated
by XPS. As expected, in a-MoQs, the predominant molybdenum species are Mo®* (Figure 4)
[36, 37]. Upon the pre-treatment, Mo 3d XPS profile shifted to lower binding energy. The
spectral decomposition of Mo 3d region was composed predominantly by two oxidation states
that can be ascribed to the Mo** and Mo-N (Table 2).

The evolution of the surface chemical composition of the Mo supported catalyst has been also
studied and compared to the unsupported materials. In instance, the 10-Mo-O/SBA-15 showed
a similar Mo 3d XPS profile to the unsupported a-MoO3 phase with only two major spectral
lines corresponding to Mo 3ds2 and Mo 3ds/2 spin-orbit components at 232.8 eV and 235.9 eV
of Mo®* species detected which was attributed to formal Mo®* oxidation state, with a small shift
when compared to the reference material (Figure 4). Interestingly, in the case of 10-Mo-O/TiOg,
the spectral decomposition of the high-resolution Mo 3d region revealed the presence of both
Mo®" and Mo®" species [36]. The distribution of Mo oxides species was determined to be ~
70.93 at.% and ~29.07 at.% for Mo®* and Mo®* respectively (Table 2). The stabilization of a
large fraction of Mo®* in 10-Mo-O/TiO, might be related to the strong interaction between Mo
species and TiO,. The isomorphic substitution of Ti** species by Mo®" has been reported in the
literature as both species possess very close ionic radii (Ti**: 0.605 A, and Mo®*: 0.61 A) [38].

81



Upon the pre-treatment step, a noticeable change in the Mo 3d XPS profile can be observed for
both 10-Mo-N/SBA-15 and 10-Mo-N/TiO- characterized by an important shift to lower binding
energies. In the 10-Mo-N/SBA-15, the high-resolution Mo 3d XPS profile can be deconvoluted
into several peaks. The peaks at 228.36 eV and 231.50 eV are correlated with 3ds;; and 3dz, of
Mo-N species [39] which are the main Mo species (66.40 at.%; Table 2) suggesting that the
nitridation of Mo species is not complete. Additional peaks at 232.26 eV and 235.40 eV that
can be correlated to the presence of Mo®* and peaks at 230.05 eV and 233.19 eV that can be
correlated with Mo*" have been also observed. In the case of 10-Mo-N/TiO2 catalyst, the
deconvolution of the high-resolution Mo 3d XPS profile revealed a chemical composition
dominated by Mo-N ~ 77.39 at.% and Mo*" ~ 21.89 at.%. In summary, upon the activation
process, in all catalysts, a large fraction of Mo species where presents as molybdenum nitrides
(> 60 at.%).

Further details on the degree of molybdenum nitridation can be extracted from the high-
resolution Mo 3p spectra in which N 1s can also be observed (Figure S2). Due to the
overlapping of N 1s with Mo 3ps;2 peaks, it is difficult to deconvolute these peaks in very
detailed manner. Nevertheless, useful information can still be deduced. When compared to the
oxides, the high-resolution Mo 3p XPS profiles of B-MozN, 10-Mo-N/SBA-15 and 10-Mo-
N/TiO2 were all shifted to lower binding energies which can be associated to the nitridation of
Mo species. For the 10-Mo-N/SBA-15 peaks related to N 1s and Mo 3pa2 were significantly
overlapped. Nevertheless, in the case of 10-Mo-N/TiO> an intense and well resolved peak at
398.00 eV which is attributed in the literature to N 1s in MoN and Mo2N bulk (397.8 eV) is
observed [40]. The same peak was observed in our unsupported B-Mo2N materials but with less
intensity. An additional, very weak in intensity, peak only observed in the case of 10-Mo-
N/TiO2at 400.8 eV is also detected. It might be attributed to N-H or adsorbed NHs as its binding
energy is very close to value reported for adsorbed NHs [41]. NH3 species can form during the

activation under N2:H. atmosphere in condition favorable for ammonia synthesis.

IV.3.2.2 Evolution of the support surface redox properties

The evolution of the support surface characteristics has been also studied. For the SBA-15, no
shift in binding energy was reported which is in agreement with the non-redox nature of the
support (Figure 4-c). Although, upon the pre-treatment step, changes in the intensity related to
the two components of Si 2p peaks namely Si-O-Si and Si-O-H (104 and 103.1 +0.05 eV
respectively) are detected. The inversion of intensity detected is more related to modification
of the concentration of the external functional groups when subject to a reducing atmosphere
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under reduction conditions (Figure 4-c and Table S1). In the TiO2 support more visible changes
are observed after the pre-treatment. In 10-Mo-O/TiO., (Figure 4-d and Table S2) the binding
energies of Ti 2ps2 and Ti 2p1> were 458.89 and 464.61 eV, at slightly higher binding energies
when compared with values reported for Ti** in undoped TiO; anatase phase (Ti 2pss2: 458.59
eV and Ti 2p1: 464.31 eV) [42]. This slight shift to higher binding energy (~0.3 eV) has been
attributed to charge redistribution between Mo and Ti species [38, 43]. However, after the
activation step, a further shift to higher binding energies of Ti*" is observed (Ti 2pss: 459.51
eV and Ti 2p12: 465.23 eV). In our nitridation conditions, the formation of titanium oxynitrides/
nitrides or reduction of Ti** into Ti®* can be safely ruled out as both outcomes are accompanied

by a marked shift to Ti 2p positions to lower binding energy [44] .

IV.3.2.3 Support surface composition.

XPS analysis also allows us to assess the effect of the nature of support and pre-treatment step
in affecting the surface composition (Table S3). First of all, the Mo atomic surface
concentration was found to be higher in 10-Mo-O/TiO: (12.5 at.%) than the 10-Mo-O/SBA-15
(4.3%). This might be related to Mo being impregnated within the pores and channels of SBA-
15 rather than the external surface. However, when subject to the activation step, the
concentration of Mo in the surface is only slightly modified in 10-Mo-N/SBA-15 (3.57 at.%),
whereas in the case of 10-Mo-N/TiO, a more pronounced decrease in surface Mo , by ~ 21 %,

is observed suggesting a strong interaction between Mo and Ti species.
EPR studies.

While molybdenum displays a range of oxidation states, only Mo®" is paramagnetic and can
yield an EPR signal. As such EPR is valuable in studying the process of nitridation of Mo

species, the results are shown in Figure 5.

The EPR spectra recorded for 10-Mo-O/TiOg, prior to the pre-treatment step, displays a weak
isotrope signal centred at g=1.95 indicating the presence of Mo®* species. The presence of Mo®*
was also confirmed by XPS analysis (Table 2 and Figure 4-a). Additionally, a weak signal is
observed, around g=2, revealing the presence of oxygen vacancies [45]. During the activation
process, under in-situ Hz/N2, a sharp increase in Mo®* content is detected reaching its maximum
after 15 minutes of reaction at 700 °C. Then after; the concentration of Mo®" decreases and
stabilizes after a period of 20 minutes (Figure 5-c). The spectra displayed in Figure 5-a shows
the EPR signal recorded at 293K at the end of the kinetics. The spectra display a weak

anisotropy of g factor with gxy=1.97 and g,=1.93. In contrast, the evolution of the oxygen
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vacancies concentration followed the reverse of Mo®*. First, the concentration of oxygen
vacancies decreased until reaching a minimum at 15 min of reaction and slightly increased
afterwards to remain stable after 20 min. For 10-Mo-O/SBA-15 only a weak signal of Mo®>* and
oxygen vacancies is detected. During the pre-treatment step no changes are observed in the
concentration of both species. For the 10-Mo-O/SBA-15 catalyst as EPR measure only Mo(V)
content, the XPS results can reveal maybe a fast electron exchange between oxygen vacancies

and Mo that can contribute to overestimate the Mo(V) content.

Both XPS and EPR spectroscopy proved to be effective in measuring redox changes properties
of Mo-based catalysts during the pre-treatment step. The activation process seems to proceed
differently depending on the nature of the support. It seems the nitridation process of Mo
species, when supported in SBA-15, occurs via the direct reduction of Mo species to Mo**.
However, during the nitridation process of Mo species in the case of TiO, the formation of
Mo®* was detected hinting that the process might proceed via the formation of an HxMox>*Mo-
O3 species [46].
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Figure 5. EPR results (a) EPR spectra after reaction, (b) Fraction of Mo®" after pre-treatment
conditions, (c) Kinetic evolution of Mo®* species at 700°C under hydrogen, and (d) Kinetic

evolution of O™ species at 700°C under hydrogen.
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IV.3.2.4 H> Temperature programmed reduction (H2— TPR)
Figure 6 depicts the results of molybdenum oxide reducibility when supported in SBA-15 and

TiO,. The results were compared against the unsupported a-MoO3z phase.
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Figure 6. H2-TPR profiles of a-Mo0Os, 10-Mo-O/SBA15 and 10-Mo-O/TiO;

The reduction profile of the unsupported a-MoOs phase was characterized by two main
reduction peaks at 770 and 980 °C and a smaller shoulder at around 800 °C. However, the
reduction process was not complete at temperature as high as 980°C. The profile agrees well
with the literature with a first reduction step of a-MoOs into MoO3, characterized by a sharp
reduction peak, followed by the reduction of MoO: into the metallic form at high temperature
[47]. The shoulder at around 800 °C was attributed in the literature, to the formation of

intermediates phases, during the reduction process such as M040O11 [47].

The reducibility of Mo oxides species was strongly affected upon its dispersion in SBA-15 and
TiO>. In both 10-Mo-O/SBA-15 and 10-Mo-O/TiO>, the reduction profile shifted to lower
temperature. Depending on the nature of the support, the first reduction step started as
temperature as low as 445 °C for 10-Mo-O/TiO- and a slightly higher reduction temperature of
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~ 530 °C for 10-Mo-O/SBA-15 was observed. These small differences between SBA-15 and
TiO2 might be related to the differences, observed by XPS, in the surface composition of both
samples (Table 2). The second reduction step has also shifted to lower temperature with slight
differences observed between SBA-15 and TiO2. In summary, the reactivity of molybdenum
oxides increased significantly upon its dispersion into high surface area supports confirming
the high reactivity of small nanoparticles towards hydrogen when compared to unsupported
molybdenum species.

IV.3.2.5 Hz-temperature programmed desorption (H..TPD)

The effect of support on the adsorption-desorption properties of 10-Mo-N/TiO2 and 10-Mo-
N/SBA-15 was studied by means of Ho-TPD. The results are shown in Figure 7 and Table S5.
For 10-Mo-N/TiO, the desorption profile was characterized by two desorption peaks, the first
one starting from 100 °C to 350 °C and the second desorption peak from 350 °C to 600 °C. In
both desorption events, only small quantity of hydrogen is observed. However, in 10-Mo-
N/SBA-15, the quantities of hydrogen desorbed where more pronounced especially for the
second peak of hydrogen desorption. Furthermore, Hx-desorption continued at higher
temperature (> 600°C) which was not the case in 10-Mo-N/TiO2 sample. These results indicate
a strong effect of the nature of the support in tuning molybdenum hydrogen adsorption-
desorption properties. The drop of H»-desorption capacity at high temperature might be

indicative of SMSI behaviors affecting Mo species ability to activate hydrogen.
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Figure 7. Ho-TPD profile of 10-Mo-N/SBA15 and 10-Mo-N/TiO>
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IV.3.3 Catalytic activity in model reactions: Ammonia synthesis and ammonia
decomposition
The performance of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 was studied in ammonia synthesis

and the opposite reaction, ammonia decomposition. The results are summarized in Figure 8 and
Table 3.

The catalytic activity of 10-Mo-N/SBA-15 and 10-Mo-N/TiO2 catalyst was studied in ammonia
synthesis and compared against the unsupported f-MozN (Figure 8-a, Table 3). 10-Mo-N/SBA-
15 exhibits catalytic activity that is comparable to the reference materials despites large
differences in Mo loading (10-Mo-N/SBA-15: 84.6 umol Qeatalyst * h™and p-MozN: 76 pumol
Qeatalyst - ht for initial rate (30-60 min)). When normalized against the active phase loading a
rate of 1208 Umol Qactive phase - ! is obtained over the 10-Mo-N/SBA-15 catalyst. After a period
of stabilization, the catalyst did not show any sign of deactivation over time demonstrating its
stability in Ho:N2 stream. Surprisingly, 10-Mo-N/TiO- displayed a very poor catalytic activity
and deactivated very quickly. The limited catalytic activity of 10-Mo-N/TiO2 despite its
enhanced textural and structural properties demonstrated a marked influence of the nature of

the support in altering the ability Mo in catalyzing ammonia synthesis reaction.
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Figure 8. a) Cumulative ammonia yield obtained of 10-Mo-N/SBA-15 and 10-Mo-N/TiOx.
Reaction performed under 60 mL min* flow rate of 75 vol.% Hz/N2 at 400 °C and ambient
pressure. b) Ammonia decomposition conducted under 15% NHz in Ar at different temperatures

and atmospheric pressure.
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To confirm whether TiO> will affect in similar manner the activity of Mo species in the reverse
reaction, the activity of 10-Mo-N/SBA-15 and 10-Mo-N/TiOz has been also studied in ammonia
decomposition. The catalytic activity was measured at temperature ranging between 50 °C and
700 °C and the results are presented in Figure 8-b and Table 3. Unlike in ammonia synthesis,
both catalysts 10-Mo-N/SBA-15 and 10-Mo-N/TiO; are active in ammonia decomposition.
However, differences on the catalytic activity are observed especially at high temperature. At
low temperature, 10% NHz3 conversion is achieved at 460 °C in 10-Mo-N/SBA-15 while the
same conversion value is achieved at slightly higher temperature ~ 510 °C in the case of 10-
Mo-N/TiO,. The activation energy is slightly lower in case 10-Mo-N/SBA-15 (71 kJ mol™?)
when compared to the 10-Mo-N/TiOz (78 kJ mol™?). At higher temperature, complete
conversion of NHsz was achieved at 600 °C in 10-Mo-N/SBA-15, while in 10-Mo-N/TiO>
catalyst complete conversion was not attained even at temperature as high as 700 °C. In
summary, while supporting Mo over Titania did not turn-off the catalytic activity in ammonia

decomposition, lower conversions are clearly obtained compared to the 10-Mo-N/SBA-15.

Table 3. Summary of the catalytic activity of 10-Mo-N/SBA-15 and 10-Mo-N/TiO>

Ammonia synthesis reaction Ammonia

decomposition

Initial rate Initial rate Steady state N2 Ea
rate (umol

(umol Ocatalyst’ (|Jm0| Oactive (lu L (Wt%) Tio Th00 (kJ mol-

h) TS Y
a-MoOs 76 76 77 5.9 - - -
10-Mo- 84.6 1208 50.74 11 460 585 71
N/SBA-15
10-Mo- NDP ND ND 1.2 510 - 78
N/TiO;

* ammonia synthesis under 60 mL mint of 75% H. in N2 (BOC, 99.98 %) at 400 °C and atmospheric
pressure. * ammonia decomposition conducted under 15% NHs in Ar at different temperatures and
atmospheric pressure. @ Nitrogen content measured by CHNS in the post-reaction samples. °ND:Not
detected. T1o: temperature at which 10% NH3 conversion is achieved. Tio0: temperature at which 100%

NHs; conversion is achieved.
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IV.3.4 Discussion

The catalytic properties of the supported Mo nitrides in both ammonia synthesis and ammonia
decomposition was found to be markedly affected by the nature of the support (TiO2 or SBA-
15). Depending on the catalytic reaction, disparities in how the support affects the catalytic
activity of Mo species was found. When ammonia synthesis is studied, Mo nitrides supported
on SBA-15 was found to be active and stable over time. While when supported in TiO2 a very
limited catalytic activity was observed and the catalyst deactivated quite rapidly. This indicates
that the properties of Mo active species varied with the nature of the support. In ammonia
decomposition, the effect of support was not as “radical” as observed in ammonia synthesis.
While 10-Mo-N/SBA-15 was by far more active than 10-Mo-N/TiO, the activity of this latter
did not turn-off completely.

In the current study, the active phase, MoNy, was prepared by nitridation under 75 vol.% H2/N>
(BOC, 99.98 %) gas mixture at a total gas flow of 60 mL min~* for 2 h at 700 °C. To investigate
the differences between the catalysts, the textural and structural properties have been studied.
Both catalysts displayed high accessible surface area (10-Mo-O/SBA-15: 465 m? g* and 10-
Mo-O/TiO; : 194 m? g). Furthermore, in both catalysts, no PXRD signals related to Mo phases
oxides or nitrides are observed in the wide-angle domain confirming the high dispersion of the
active sites. The formation of small Mo nanoparticles was also confirmed by HAADF-STEM
analysis. The particle size of molybdenum species was found to be sensibly similar in 10-Mo-
N/SBA-15 (1.3 = 0.3 nm) and in 10-Mo-N/TiO2 (1.7 = 0.7 nm). Thus, in both catalysts, after
the activation step, small size nano-particles were formed. Hence the effect of particle size

influencing the catalytic activity can be considered minimal.

The influence of the support on the surface composition was investigated by means of XPS
spectroscopy and compared against a reference material. Before the activation step, difference
on Mo species detected by XPS was already observed. In both a-MoO3 and Mo-O/SBA-15, the
predominant Mo species was Mao®* (Table 2, Figure 4). However, almost ~ 29 atm. % of Mo
species in 10-Mo-O/TiO, was found to be composed of Mo®* and possible substitution of Ti**
species by Mo®" can occur.[38] Furthermore, In 10-Mo-O/TiO, the binding energies of Ti 2pss2
and Ti 2p12 were found at 458.89 and 464.61 eV, which are slightly higher when compared
with values reported from the literature which further confirm the strong interaction of Mo

species with titanium species.[42, 43] Upon nitridation, a range of oxidation states have been
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detected. In both catalyst, high proportion of Mo species were found to be in the nitride form
(> 60 atm.%). However, after the activation step, only Mo*" species and MoNx species are
detected in the 10-Mo-N/TiO2 while in 10-Mo-N/SBA-15, in addition to Mo*" species and
MoNy a fraction of Mo®* was still present in the catalyst after the activation step denoting
incomplete nitridation process. Despite these differences, the percentage of Mo nitrides
population in both systems seems to be rather close (10-Mo-N/TiO>: 77.39 at.% and 10-Mo-
N/SBA-15: 66.40 at.%). The degree of Mo species nitridation was also observed from the high-
resolution Mo 3p spectra in which N 1s also can be observed. Only in the case of 10-Mo-N/TiO>
an intense and well resolved peak at 398.00 eV which is attributed in the literature to N 1s in
MoN and Mo2N bulk (397.8 eV) is observed which it may be reflecting a different Mo/N ratio
in the catalyst. An additional, very weak in intensity, peak only observed in the case of 10-Mo-
N/TiO; at 400.8 eV is also detected which was attributed to N-H or adsorbed NHz.

To gain insight in the nitridation process of supported Mo oxides species EPR and H>-TPR has
been conducted. When compared to a-MoOs3 phase, the reduction process started earlier in the
supported catalysts with the first reduction step starting as temperature as low as 445 °C for 10-
Mo-O/TiO. and a slightly higher reduction temperature of ~530 °C for 10-Mo-O/SBA-15.
These differences might be related to the difference in Mo oxides species presents in the surface
as evidenced by XPS. Furthermore, the activation process was studied by EPR under 75 vol.%
H2/N2 (BOC, 99.98 %) gas mixture mimicking the activation step. Fundamental differences
were observed between 10-Mo-O/SBA-15 and 10-Mo-O/TiO, materials. In the case of Mo
supported in TiOz, the nitridation/reduction process occurs first via the formation of Mo®*
species as detected by EPR which reached a maximum concentration after 15 min reaction
before start decreasing. Although only a very small fraction is detected by XPS, EPR shows
that a fraction of Mo®" (7.8%) is still present in the 10-Mo-O/TiOz catalyst directly after the
activation step. The fast formation of Mo®" might be indicative of multistep reduction process
with first intercalation of hydrogen into a-MoOs to forming first hydrogen molybdenum
bronzes HxM0x>*M01.,8*O3 [46]. Hydrogen molybdenum bronze are metastable phases that will
decomposes eventually to form MoO, and water.[48] In the contrary, no Mo®* was detected
when Mo species were supported in SBA-15 indicating that the process is rather dominated by
direct reduction of Mo®* to Mo**. These differences might be related to different mechanism by
which Mo species are reduced/nitrided. In the literature, different mechanism has been proposed
including the formation of either molybdenum bronze (HxMox>*Mo1x¢*O3) and/or MoO2 and

Mo metallic intermediates before nitridation. Depending on the nitridation conditions (i.e. gas
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composition, space velocity and/or heating rate), the nitridation mechanism can be altered
leading to the formation of either cubic y-M02N with or tetragonal B-Mo2N [49, 50]. The
formation of B-Mo2N has been reported to follows a non-topotactic route via a multiple step
reduction (MoO3—MoO2—Mo—MoNy) [51, 52] while the formation y-MoN has been
reported to proceed through a topotactic route with the formation of Hydrogen molybdenum
bronze as an intermediate species before nitridation.[53] It is clear from our investigation that
the mechanism of reduction/nitridation is strongly affected by the degree of interaction between
Mo species and the support species. However, due the formation of small nanoparticles in both
SBA-15 and TiO., and close chemical composition of B-Mo2N and y-MozN, it was rather
difficult to ambiguously determine the nature of MoNy species based on XRD and XPS results.
As the activity of Mo2N species in many catalytic reactions was found to vary depending on
the crystallographic phase, it is alluring to explain the differences in the catalytic activity of 10-
Mo-N/SBA-15 and 10-Mo-N/TiO2 ammonia synthesis by the formation of different MozN
allotropic forms. However, it is worth mentioning that no large differences in the catalytic
activity has been found between bulk B-M02N and y-Mo02N in ammonia synthesis and only 6-
MoN nitride phase was found to be poorly active in ammonia synthesis.[30] As such the
identification of the catalytically active site and the origin of deactivation in Mo species
supported in TiO2 remains very challenging. In the literature, the performance of catalysts in
ammonia synthesis reaction has been correlated to nitrogen binding energy with ideal surface
displaying intermediate nitrogen binding energies. The adsorption properties of metal nitrides
were found to be sensitive to chemical composition (surface vs bulk), Mo oxidation states,
Mo%/N ratio, and nitrogen-deficient site density [52]. To some extent, differences in H;
adsorption-desorption capacities at least at high temperature was observed between 10-Mo-
N/SBA-15 and 10-Mo-N/TiO2. The surface composition after the activation step, and the
reduction/nitridation process was found to be different depending on the nature of the support.
Thus, the differences in the catalytic activity observed might be related to the differences
observed in the surface composition and changes in the adsorption of ammonia synthesis

reactants.

IV.4 Conclusion

In the current study supported Mo nitrides species on SBA-15 and TiO2 was prepared by
nitridation under 75 vol.% H2/N., (BOC, 99.98 %) gas mixture at a total gas flow of 60 mL

min~! for 2 h at 700°C. The results of characterization demonstrate the formation of small
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molybdenum nanoparticles in both 10-Mo-N/SBA-15 and 10-Mo-N/TiO: catalysts. Although
both samples exhibited ameliorated structural properties when compared to the bulk material,
B-MozN, only 10-Mo-N/SBA-15 was found to be active in ammonia synthesis (1208 pmol
Qactive phase - 1) while 10-Mo-N/TiO only displayed a poor catalytic activity before completely
deactivating over time. The catalysts were also studied for ammonia decomposition where 10-
Mo-N/SBA-15 was found to be more active than 10-Mo-N/TiO». XPS analysis showed a strong
interaction between Mo species and TiO> support leading to differences in the process of Mo
species reduction/nitridation process. EPR spectroscopy proved to be effective in determining
the nitridation mechanism of Mo species. In the case of Mo supported in TiO2, EPR showed
that reduction/nitridation process via the formation of Mo®* species which was not the case in
Mo supported SBA-15 suggesting the formation of different Mo nitrides species. Upon
nitridation, the distribution of Mo oxidation states was found to be different depending on the
nature of the support. Furthermore, a weak XPS signal related to adsorbed NHy species was
detected in 10-Mo-N/TiO> catalyst. It is also worth noting that 10-Mo-N/SBA-15 hydrogen
chemisorption capacity and desorption (during TPD) was superior to 10-Mo-N/TiO> catalyst.
The origin of Mo species deactivation in ammonia synthesis when supported in TiO2 originates
probably from the strong interaction between Mo species and the support. This phenomenon
resulted in the alteration of the Mo nitridation mechanism leading to a catalyst with different
surface composition, and probably different surface termination, vacancies concentrations, etc.
These results demonstrate that the catalytic activity of Mo nitride species can be tuned via the

modulation the interaction between the active species and the support.
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IV.6 Supplementary Information

L Ree

Figure S1 Representative lower magnification HAADF images and the corresponding STEM-
EDS elemental maps for 10-Mo-N/SBA-15 (a,and b) 10-Mo-N/TiO2 (c and d)
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Figure S2 XPS spectra recorded on the calcined materials in Mo 3p Region (10-Mo-O/SBA-
15 and 10-Mo-O/TiO) and after nitridation under reaction conditions at 700°C for 2h in

environmental XPS chamber

Table S1. Position of Si 2p peaks of unsupported and supported Mo based catalyst at different

reactive condition

Si 2p peak position Surface composition
Si-O-Si Si-O-H Si-O-Si (%) Si-O-H (%)
10-Mo/SBA-15 104.00 103.16 54.96 45.04
10-Mo-N/SBA-15* 104.00 103.05 29.58 70.42

* catalyst subject to pre-treatment under reaction condition at 700°C for 2h in environmental

XPS chamber before analysis
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Table S2. Position of Ti 2p peaks of unsupported and supported Mo based catalyst at
different reactive condition

Ti 2p peak position

Ti 2par Ti 2p1e
10-Mo/TiO2 458.89 464.61
10-Mo-N/TiO2+ 459.51 465.23

* catalyst subject to pre-treatment under reaction condition at 700°C for 2h in environmental

XPS chamber before analysis

Table S3. Atomic Concentration of Mo on the surface before and after nitridation according
to XPS.

% atm Concentration of Mo Oxide Nitride
10-Mo/TiO2 125 9.86
10-Mo/SBA-15 4.3 3.57

Table S4. Hz uptake from TPR on M0oO3s 10-Mo-O/TiO2 and 10-Mo-O/SBA-15

Sample H. uptake (mmol g )
Exp.f Calc.9
MoOs3 23.3 20.8
10-Mo-O/SBA-15 1.9 2.2
10-Mo-O/TiO2 2.9 2.8
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Figure S3 H2-TPR profiles of TiO2and SBA-15

Table S5. H2 desorption quantities for Ho-TPD in the range 25 — 550 °C

Catalyst H: desorption (mmol/g)
10-Mo-N/TiO2 0.11481
10-Mo-N/SBA-15 0.13033
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V. Chapter IV: Effect of support on catalytic activity of
Molybdenum Nitride —Part |1

e

Deactivation

s . Mo-O-Al i Mo-N

species species

No Activity

Mo-O
species

This section is divided into 2 Chapters (articles) and will be referred to as Chapter 111 and Chapter 1V

Part of this Chapter has been submitted to ACS energy letters in 2023.
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V.1 Introduction

Due to its characteristic, such as high hydrogen gravimetric content (17.6 wt.%), high energy
density (5.2 kWh kg*) based on the low heat value (LHV), facile liquefaction and low
flammability, ammonia is foreseen to play a major role in long-term and large scale of
renewable energy storage [1]. Beyond its use as a hydrogen carrier, ammonia has been also
considered for direct energy generation as combustible in combustion engines for commercial
maritime and aviation [2, 3] and as energy carrier for fuels cells [4]. Furthermore, the
transformation of unreactive atmospheric dinitrogen into highly reactive nitrogen building
blocks (i.e. ammonia), via the Haber Bosch (H-B) process, has been instrumental in the
industrialization of nitrogen based fertilizers. Thus, this process is sustaining a large fraction
of human population through ensuring availability of nitrogen based fertilizers for intensive

agriculture.

In spite of the potential of ammonia in decarbonizing both the energy and agriculture sectors,
its production remains closely tied to hydrogen production from non-renewable fossil-based
feedstock. Currently the industrial production of ammonia is dominated by the H-B process in
which highly purified N2 and Ha react over a promoted iron-based catalyst under high pressure
(up to 200 bar) and temperature varying between 400 and 500°C. The decarbonization of the
H-B process has driven much research effort especially in replacing hydrogen derived from
fossil fuels by green hydrogen generated by water electro-catalysis powered by renewable
energy. However, the development of a decarbonized H-B process capable of coping with the
intermittency and uneven geographic distribution of renewable energy still requires further
optimization in several of the H-B components. An emerging key sector where innovation and
optimization have the potential to reshape the H-B process is the development of novel

catalytic materials active under milder ammonia synthesis conditions.

Over the last years, several materials with enhanced catalytic properties when compared to the
industrial doubly promoted iron based catalyst have been reported in the literature. In this
regard, Ru on activated carbon has driven significant interest due to its high catalytic activity.
In this type of catalysts, the Bs site in Ru nanoparticles has been identified as the active site,
with the most suitable energetic properties for nitrogen activation and dissociation at low
temperature [5-8]. Since ammonia is a structure-sensitive reaction over Ru based catalysts, the

catalytic performance is affected by electronic and geometric properties of the active site.
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Considerable effort has been devoted to increase the catalytic activity through promoting by
(1) alkali and alkaline earth promoters [9, 10] and (ii) by modifying the nature of the support
[11-15]. Exceptional high catalytic activity has been reported with a marked influence of the
support on Ru active phase. Although high catalytic activity is achieved using Ru supported
on advanced support (electrides, hydrides, perovskites), the high cost of Ru and its scarcity are
still a barrier for widespread utilizations as an industrial catalyst. However, the remarkable
effect of a support on tuning the catalytic activity of Ru in ammonia synthesis showcases the
importance of modulating support-metal interaction to achieve high catalytic activity. Taking
into account these considerations, the development of alternative materials presenting
reasonable high catalytic activity, low-cost and availability is of utmost importance. From that
aspect, molybdenum based materials display high catalytic activity in multiple reactions
including hydrodesulfurization (HDS) [16, 17], oxidative desulfurization [18, 19] and CO;
conversion [20, 21], ammonia synthesis, and ammonia decomposition. In ammonia synthesis,
the catalytic activity of the y-Mo2N phase has been reported as early as 1986 by the works of
Volpe and Boudart [22] and Oyama [23] at atmospheric pressure and 400 °C. However, the
strong interaction between Mo and nitrogen/NHy intermediate species results in limited
catalytic activity in ammonia synthesis. Several strategies have been adopted throughout the
years to increase the catalytic activity of Mo-based catalysts by (i) addition of second metal
resulting on the formation of bimetallic molybdenum nitrides/carbides (CosMosN, CosMozC,
Ni2MosN)[24-27] displaying optimized nitrogen binding properties, and (ii) dispersion of Mo
species into suitable supports (MoNx/ZSM-5, M0.C/CeO>) [28, 29]. These modifications alter
the structural and electronic properties of Mo leading to significantly different catalytic
behaviours which promote different reaction mechanisms. In the literature, the effect of the
nature of support on tuning the physicochemical properties of Mo species and by consequences
their catalytic activity is scarce due to the difficulties to characterize the nature of Mo-N
nanoparticle species formed during the nitridation process. For instance, strong interaction
between Mo-Ti has been reported to alter the nitridation mechanism of Mo species, when
compared to a non-reducible support, leading to a complete turn-off of the catalytic activity in

ammonia synthesis [30].

In this work, we aim to improve our understanding on the interaction of Mo with different
classical catalyst supports, i.e. CeO2, Al>O3z, SiO2 and SBA-15. The identity of the active phase
formed during the nitridation process has been studied by advanced characterization

techniques such as in-situ EPR and XPS connected to an in-situ treatment chamber allowing
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to minimize the contamination by air exposure. Furthermore, the performances of supported
Mo-N species were studied in ammonia synthesis and ammonia decomposition revealing the

role of the support in tuning the catalytic activity of ammonia synthesis.

V.2 Experimental section

Vv.2.1 Catalyst preparation

Chemicals. The following chemicals and commercial supports were purchased and used with
no further purification: ammonium para-heptamolybdate tetrahydrate (NH4)sM07024.4.H20,
99 wt.%, Alfa Aesar) , SiO2 (Saint-Gobain NORPRO SS61138), Al.03 (Saint-Gobain
NORPRO SA6176) and CeO> (Solvay ECL15).

Mo-N supported catalyst. Mesoporous SBA-15 support was produced by hydrothermal
method, under acidic conditions as described elsewhere [31], whereas available commercial
supports (i.e. Al.O3, SiO2, and CeO2) were utilized without specific preliminary treatment.
Supported molybdenum oxides were prepared by an incipient wetness impregnation (IW1)
method. In this procedure, the required weight of Mo precursor ((NH4)sM07024.4H,0, Aesar)
was first dissolved in a volume corresponding to the pore volume of the respective support and
then mixed with the support. The mixture was aged for 5 days at 25 °C and then calcined at
400 °C, 1.5 °C min for 5 h. All the samples underwent a calcination step at 400 °C, 1.5 °C
mint for 5 h, to form MoOj3 oxide phase. The nitridation process was conducted during the
pre-treatment step, prior to catalytic reaction, at 700 °C under a 75 vol.% H2:N> (BOC, 99.98
%) gas mixture at a total gas flow of 60 mL min™t for 2 h.

N.B. Herein, the samples obtained after the calcination step are denoted 10-Mo-O/support.
The catalysts obtained after the pre-treatment step are referred to as 10-Mo-N/support, and the

post reaction samples as 10-Mo-N-PR/support, where X is the wt.% of a-M0O3 (X =10 wt.%).

V.2.2 Catalyst characterization

In this article, the following characterization techniques were used: XRD (Low and high angle),
N2 physisorption, XPS, TEM, H>-TPR, H>-TPD, and EPR. For more information regarding the
characterization techniques, please refer to Chapter 2 for all details.

Vv.2.3 Catalytic activity
Ammonia synthesis. 0.15 g of Mo-O/support was placed in a quartz reactor tube held centrally

in a vertical furnace. Prior to ammonia synthesis reaction, the sample was activated at 700 °C
(10 °C min™) under 75 vol.% H2:N, (BOC, 99.98 %) at 60 mL min™! for 2 h. After the
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activation step, the reactor was cooled down, and the reaction was performed at 400 °C and

atmospheric pressure using the same gas mixture and gas flow.

The reactor effluent steam was flowed to a 200 mL of H>SO4 solution (0.0018 M) and
ammonia production was calculated from the decrease in conductivity. The catalytic activity

was monitored as a function of reaction time.

Ammonia decomposition. The same activation step as seen previously was performed on 0.6
g of catalyst placed in a quartz reactor, to obtain the corresponding nitride X-Mo-N/support.
The reactor was cooled to ambient temperature under 75 vol.% H>:N>. The decomposition test
was done under a 15 vol.% NHz:Ar (BOC, 99.98 %) gas mixture at a total gas flow of 100 mL
min~t. The catalytic activity was measured between 250 and 700°C, by steps of 100 °C (30
min at each step) from 250 to 450 °C, and steps of 50 °C (30 min at each step) from 450 to
700 °C. Ammonia conversion was determined using an FTIR analyzer.

V.3 Results and Discussion

Vv.3.1 Catalyst characterizations.

V.3.1.1 XRD.

Figure 1 displays the PXRD of post-reaction catalysts obtained after 20 h under ammonia
synthesis conditions. The formation of Mo-N species, which are the known to be active species
in ammonia synthesis, are usually obtained following the pre-treatment step at 700 °C under 75
vol.% H2:Nz (BOC, 99.98 %) gas mixture at a total gas flow of 60 mL min~* for 2 h. This was
verified by the nitridation of molybdenum oxide a-Mo0Os3 into B-Mo2N (PDF 25-1368) under
the same conditions (FigureS1). However, upon nitridation and ammonia synthesis test, no
diffraction peaks related to Mo-N species have been detected in 10-Mo-N-PR/AI>O3 10-Mo-
N-PR/CeO2 and 10-Mo-N-PR/SBA-15, suggesting that the active phase is well dispersed within
these supports. Whereas in the case of 10-Mo-N-PR/SiO», poorly defined and broad peaks at
20 =37.8°,43.4°, 64.2° are assigned to f-MozN phase (PDF 25-1368), reflecting the formation

of molybdenum nitride with limited crystallite size.
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Figure 1 PXRD diffractograms of the supported Mo-N catalysts, after 20 h of reaction under

ammonia synthesis conditions.

v.3.1.2 Nitrogen adsorption-desorption analysis.

The nitrogen adsorption/desorption isotherms of the freshly calcined catalysts and their
corresponding pore volume and pore size distribution are shown in Figure 2 and Table 1. In all
the studied materials, a predominant type IV isotherm characteristic of mesoporous materials
is observed. However, the characteristic of the hysteresis loop differs from a material to another
which reflects differences in the porosity and/or particle size of the solid supports. For instance,
only CeO> and SBA-15 displayed a narrowed pore size distribution centered at ~ 3.0 nm and
6.6 nm respectively. However, the BET surface area and pore volume of CeO, were 194 m? g
Land 0.16 cm® g*, while SBA-15 displayed a surface area of ~ 465 m2 g and a pore volume
of 0.82 cm® g. In the case of 10-Mo-O/Al.O3 and 10-Mo-0O/SiO, samples, much broader pore
size distributions are observed with respect to CeO> and SBA-15. The surface area of 10-Mo-
O/Al;03 and 10-Mo-0O/SiO, were 208 m? g and 262 m2 gt respectively. It is worth noting that
upon Mo impregnation only a small decrease in the surface area is observed with respect to the
surface area measured on parent Al>O3z, SiO2 and CeO> (Table 1). Interestingly, the BET surface
area of SBA-15 showed a more pronounced decrease after Mo loading (from 760 to 465 m? g
1), The evolution of the surface area was also accompanied with a decrease in pore volume from
1.1 to 0.82 cm? g* resulting probably from partial clogging of mesoporous channels of SBA-
15.
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Figure 2 (a) N2 adsorption-desorption isotherms and (b) BJH pore size distribution measured

for the Mo-O supported materials.

Table 1. Textural properties of unsupported MoOs and supported Mo-O based materials after

calcination.

MoOg? Sget” S,¢ Ve D? Mo mean

W) (mgh (g @mgh)  (m) e
MoOs3 - 4 - -
Al;O3 - 251 10 1.00 8.2 -
CeO; - 237 - 0.16 3.1 -
SiO; - 294 24 0.92 13.8 -
SBA-15 - 760 131 11 6.5 -
10-Mo-O/Al;03 10.7 208 - 0.99 8.3 1.7£0.1
10-Mo-O/Ce0O; 11.8 194 - 0.16 3.0 N.D
10-Mo-0O/SiO; 10.8 262 - 1.07 13.2 2.9+ 0.3
10-Mo-O/SBA-15 10.8 465 68 0.82 6.6 1.3+0.3

2MoO; content measured by ICP-OES in the calcined samples, "Sger Calculated by the BET method,; S,

microporous surface area; “V, total pore volume calculated using BJH method; ¢ D, mean pore size calcula

using B.J.H method ; N.D. non determined
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V.3.1.3 HAADF-TEM Analysis.

Upon activation, the morphology of supported Mo-N species as well as the local distribution
were studied by means of HAADF-TEM analysis coupled with EDS. Representative high
resolution HAADF images for the 10-Mo-N/support catalysts are reported in Figure 3 and
Figure S2.

In HAADF images, where the intensity is proportional to the atomic number of the element
(Z*7), Mo atoms appear brighter on Al,O3, SBA-15 and SiO-. In these materials, the mean
particle size of Mo species has been estimated and the results are reported in Table 1. For
siliceous based supports, the mean particle size of Mo species was found to be ~ 2.9+0.3 nm
and ~ 1.3+£0.3 nm on SiO; and SBA-15 respectively (Figure 3). These differences are in line
with PXRD results where broad XRD peaks characteristic of B-MozN are detected when Mo-
species are supported on SiO2 but not observed on SBA-15. In the 10-Mo-N/Al>Oz catalyst,
the mean particle size was found to be ~ 1.6+0.1 nm which is slightly higher than the particle
size measured in 10-Mo-N/SBA-15 sample. Unfortunately, in the case of 10-Mo-N/CeO>
catalyst, as the atomic number Z of Mo is lower compared to Ce, Mo-species could not be
detected in the HAADF images (Figure 3-c). Therefore, the d-spacing visible in Figure 3-c is
associated to CeO; crystallographic structure.

Complementary EDS analysis, presented in Figure S2, confirmed the high dispersion of Mo
species in all the different supports. Unfortunately, due to limitation related to Mo small
particle size, low Mo species concentration and low N-K peak energy, the identification of
Mo-N species was found to be rather challenging. The identification of Mo-N species was only
possible in the case of 10-Mo-N/SiO- displaying the largest nitride particle size (2.9+0.3 nm).

112



Figure 3 Representative HAADF images of (a) 10-Mo-N/Al2Os3, (b) 10-Mo-N/SiO», (c) 10-
Mo-N/CeOz and (d) 10-Mo-N/SBA-15.

V.3.2 Surface properties of Mo-N supported catalysts

The surface properties, i.e. chemical composition and oxidation states of elements, were
investigated using X-ray photoelectron spectroscopy. In order to understand the evolution of
the surface composition under the activation step, XPS spectra of the 10-Mo-O/supports
obtained directly after the calcination step and the nitride 10-Mo-N/supports formed after the
activation step were acquired. The activation step was conducted in an in-situ pretreatment
chamber connected to the XPS (700 °C under H2:N2 for 2 h), in order to minimize surface
contamination. The results are summarized in Figure 4 and Figure S3, Table 2 and Table S1-
S3.
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Figure 4. XPS spectra of solids before (10-Mo-O/support) and after in situ nitridation step
(10-Mo-N/support) in (a) Mo 3d region (b) Mo 3p region.

10-Mo-O/supports. The spectral decomposition of Mo 3d region for the calcined samples are
presented in Figure 4-a. All the supported oxides 10-Mo-O/Al>Oz , 10-Mo-0/SiO,, 10-Mo-
O/SBA-15 and 10-Mo-0/CeO- displayed a similar Mo 3d XPS profile characterized by two
major spectral lines corresponding to Mo 3ds2 and Mo 3ds/2 spin-orbit components which
correspond to formal Mo®" oxidation state [32].

10-Mo-N/supports. Upon the activation step, 700 °C under Hz2:N2 for 2 h, a shift to lower
binding energies was observed in all the catalysts indicating successful oxidation state
reduction of Mo species. However, disparities in Mo-3d / Mo-3p binding energies are
observed, pointing the impact of the support nature on the stabilization of different chemical

environments Mo species (figure 4 and table 2).

In the case of siliceous supports (SiO2 and SBA-15), the high-resolution Mo 3d XPS profile
can be deconvoluted into several peaks (figure 4-a). In both materials, the major contribution
is related to the presence of Mo-N species with two major spectral lines at 228.36 eV and 231.5

eV [33]. Additional peaks correlated to the presence of Mo®* and Mo** have been also observed
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in both catalysts. The surface composition of Mo species was found to be fairly similar
between SiO2 and SBA-15, where in both catalysts, Mo-N species were predominant ~ 66.4%
and ~ 69.7% in 10-Mo-N/SBA-15 and 10-Mo-N/SiO; respectively. Moreover, in both
catalysts, at least 20 at.% of Mo species was found to be present as Mo**, and finally, the
remaining fraction of Mo species that was not reduced in SBA-15, a fraction of Mo®"~ 12.8
at.%, and in SiO2 Mo®* ~ 8.3 at.% was detected. Such results indicate that Mo-Si interaction
affected the nitridation mechanism similarly in both amorphous SiO; and SBA-15. In asimilar
manner, when 10-Mo-N/Al,Oz was subjected to the activation step, the surface was mainly
populated with Mo-N species ~ 82.0%. Furthermore, the spectral decomposition of the high-
resolution Mo 3d region revealed the presence of an important fraction of Mo species as Mo>*
~18.0 at.%.

Interestingly, when investigating 10-Mo-N/CeOz, the spectral decomposition of Mo 3d XPS
profile showed the predominance of Mo** species with 3ds, and Mo 3ds, spin-orbit
components of 229.70 eV and 232.84 eV. An addition set of peaks related to Mo®*, Mo>* and
Mo-N were also identified. The distribution of Mo oxides species was determined to be ~ 65.5
at.% for Mo*", ~ 25.6 at.% for Mo®", 7.4 at.% for Mo®* and only 4.5 at.% was found to be in
the form of Mo-N. Such observations indicate that supporting Mo on CeO increased the Mo**

content at the expense of Mo-N formation.

The impact of the activation step on the support elements has also been examined by XPS
(Figure S4). In the case of 10-Mo-O/Al,Os, the Al 2p XPS profile was fitted as a single peak
at ~ 74.1 eV since Al 2p peak has closely-spaced spin-orbit components. Upon the activation
step, a slight shift of the Al 2p XPS profile to lower binding energies of 73.6 eV was observed.
This might be an indication of the formation of Al-O-Mo structures. In the case of SiO, the
Si 2p XPS profile was characterized by one peak as well with a binding energy of 103.25 eV
and a slightly higher BE after nitridation at 103.98 eV (table S2) . In the case of SBA-15, both
Si-O-Si and Si-OH corresponding peaks were identified in the Si 2p region, with BE of 104.00
eV and 103.16 eV respectively. Upon the activation step, only a slight shift of Si-OH peak to

lower binding energy 103.05 eV was observed.
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Table 2. Position of 3d Mo peaks of unsupported and supported Mo based catalysts before and

after nitridation

Mo peaks B.E. (eV)

Surface composition (at.%)

Mo®* Mo Mo* Mo-N
Mo®  Mo*  Mo*  Mo-N
3dsr2 3dar 3dsi2 3dar 3dsi2 3dar 3dsr2 3dar

10-Mo-O/Al203 23250 235.60 - - - - - - 100 - - -
10-Mo-N/AlOs" - - 231.31 23446 - - 228.33 23148 - 18.0 - 82.0
10-Mo-O/CeO2 23256 235.66 - - - - - - 100 - - -
10-Mo-N/CeQO>" 232,76 235.90 231.00 234.14 229.70 232.84 228.12 231.26 25.6 7.4 65.5 4.5
10-Mo-O/SiO2 23225 23535 - - - - - - 100 - - -
10-Mo-N/SiO." 23211 23525 - - 229.70 232,84 228.0 231.14 8.3 - 22.1 69.7
10-Mo-O/SBA-15 2328 2359 - - - - - - 100 - - -
10-Mo-N/SBA-15" 232.26 23540 - - 230.05 233.19 22836 23150 128 - 208 66.4

* Catalyst subject to pre-treatment under reaction condition at 700 °C for 2 h in in situ chamber connected to

XPS before analysis

EPR studies

The process of Mo nitridation during the activation step has been further investigated by EPR.
Prior to the activation step, all the Mo-O supported materials are EPR silent due to the absence
of paramagnetic centers as Mo is mainly present in the +6 oxidation state. Upon activation,
Mo displayed a range of oxidation state. However, only Mo®" is paramagnetic and can yield
an EPR signal (Figure 5).

10-Mo-N/Al;0s. Upon the activation step, the EPR spectra recorded for the 10-Mo-N/Al2Os,
displayed a strong Mo®* signal with an isotropic line centered at a g-value of 1.95. During the
activation step, the reduction of Mo®* resulted in a sharp increase in the formation of Mo®*
which reached a plateau after 40 min of reaction (Figure 5-c). The reduction process was
accompanied by an increase in the concentration of oxygen vacancies where the signal then
rapidly disappears as the temperature increases. In order to have information about the local
structure of Mo®" in the case of 10-Mo-N/Al,O3 we performed a HYSCORE experiment at 5K
(Figure S4). On this HYSCORE spectrum we can observe in the weak coupling quadrant the
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presence of a signal centered at 3.9 MHz resulting from the interaction of an aluminum weakly
coupled by dipolar mechanism. In the strong coupling quadrant, we observe 4 peaks of
correlations in the antidiagonal separated by two times the Larmor frequency of Al (7.8 MHz).
This profile indicates the presence of two strongly coupled aluminum via Mo-O-Al covalent
bonds with respective Aiso coupling constants of 15 and 16 MHz. Therefore, these EPR results
show that the formation of Mo®* species is a bulk phenomenon and not only a surface one as
suggested by XPS analysis.

10-Mo-N/CeOz2. Upon the activation step, the recorded EPR spectrum indicated the presence
of Mo®* (Figure 5-a). In this case, the EPR signal was anisotropic with a square plane symmetry
(9,=1.97 and gx,y=1.95). During the kinetics studies at 700 °C, the reduction/nitridation process
was characterized by an increase in the concentration of Mo®* species accompanied with an
increase of oxygen vacancies concentration reaching a maximum at 10 min and gradually

decreasing afterwards to stabilize after 60 min of reaction (Figure 5-c,d).

10-Mo-N/SiO2 and 10-Mo-N/SBA-15. When Mo is supported on siliceous based supports,
only a weak isotropic Mo®* signal with a g-factor of 1.94 is observed (Figure 5-a). During the
temperature kinetics at 700°C under H2:Ny, this signal quickly disappears indicating the loss of
Mo®*, leaving only weak signal related to the presence of oxygen vacancies (Figure 5-d). The

formation of Mo®* seems to be marginal during the nitridation step for silica supported catalysts.
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Figure 5 (a) EPR spectra registered for the catalysts after pre-treatment 700 °C under H2:Na,
(b) Fraction of Mo®* after pre-treatment conditions by EPR and XPS, (c) Kinetic evolution of
Mo®* species at 700 °C under H2:N2, and (d) Kinetic evolution of O™ species at 700°C under

H2:No.

v.3.3 Effect of Mo-Support interactions on Mo reducibility and affinity towards

hydrogen
The effect of the nature of the support on the reduction kinetics of Mo oxides was evaluated
by means of H>-TPR measurements and the results are compared to those collected for the

unsupported a-MoOs. The results are presented in Figure 6 and Table S4.
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Figure 6 H2-TPR profiles of 10-Mo-O/Al203, 10-Mo-0/SiO;, 10-Mo-0/CeO2, and 10-Mo-
O/SBA-15

The reduction profile of unsupported a-MoO3z proceeds via two steps as previously seen in the
literature. First the reduction of a-M0O3z into MoO: occurs, and process is characterized by a
sharp hydrogen consumption peaks at 770 °C. It is followed by the reduction of MoO: into
metallic Mo at high temperature [34]. During the reduction process the formation of
intermediates species such as M04O11 has also been reported in the literature [34]. When the
H2-TPR profiles of supported Mo oxides are compared to the unsupported a-MoOs, significant
changes in the reduction process are observed. In all supported catalysts, the reduction process
started at lower temperatures with respect to a-MoOs. Depending on the nature of the support,
the temperature of the first maximum reduction domain shifted to lower temperatures, with
the following order: 10-Mo-O/Al203 (~ 447 °C) < 10-Mo-O/CeOz (~ 515 °C) < 10-Mo-
O/SBA-15 (~530 °C) < 10-Mo0-0/SiO2 (~ 565 °C) < a-MoO3 (~ 770 °C). In a similar manner,
the temperature of the second reduction peak associated with the formation of metallic Mo
shifted to lower temperature with slight differences observed between the different supports.
In 10-Mo-O/CeO>, the second reduction event was characterized by a broad and small
reduction peak observed between 600 and 800°C denoting the stabilization of Mo-oxides

intermediates. Furthermore, a third reduction process starting at temperatures as high as 880°C
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was observed. This might be related to the reduction of CeO. bulk species at higher
temperatures and/or reduction of Mo species in strong interaction with the support. For
comparison, the Ho-TPR profiles of the supports are presented in Figure S5. As expected only
CeO> displayed redox properties. The H>-TPR profile was characterized by two peaks with
temperature of reduction maxima at ~ 450 and ~ 790 °C. The first peak assigned to the
reduction of superficial CeOyx species while the second peak has been correlated to the
reduction of bulk CeO:> species respectively [35]. The temperature of the second maximum
reduction peak was also fairly high on 10-Mo-O/Al,O3 (~864°C) especially when compared
to Mo-O supported on siliceous supports (10-Mo-0O/SiO2 ~ 730 °C and ~ 10-Mo-O/SBA-15 ~
790 °C). Furthermore, small differences in Mo oxides reducibility where also observed
between SiO; and SBA-15. As mentioned above, the reduction process started earlier in 10-
Mo-O/SBA-15 when compared to 10-Mo-O/SiO: signifying that particle size has a role in
influencing the reduction behaviors of Mo oxides species. In summary, the reactivity of Mo
oxides species towards hydrogen was greatly impacted by the nature of the support and particle
size.

The effect of Mo-support interaction on the activation of Hz was studied by means of Ha-
temperature programmed desorption (Figure 7). The Ho-TPD profile of 10-Mo-N/Al>O3 was
characterized by two desorption peaks, the first peak being in the range of 350-550°C and the
second desorption peak starting from 550°C. When Mo is supported on siliceous supports,
similar H2-TPD profiles are observed for SBA-15 and SiO2. The corresponding H2-TPD
profiles were characterized by three desorption peaks. The first one starting from 100 °C to
300 °C, the second desorption peak from 350 °C to 550 °C and a third desorption peak at high
temperature (> 550°C). Small disparities between the two desorption profiles are however
observed especially when the temperatures of the maximum desorption are compared which
are slightly shifted to higher temperatures in the case of 10-Mo-N/SBA-15. These differences
might be related to differences in Mo species particle size observed by HAADF-TEM analysis.
As shown in Figure 7, the desorption profile of 10-Mo-N/CeQO2 was characterized by a first
desorption peak at low temperature between 50 and 150°C which can be related to the
desorption of H> adsorbed on the Ovac sites from CeO,-s surface [36]. A second broad H»-
desorption peak is observed at temperature ranging between 150 and 550°C. Surprisingly, no
H> desorption was observed at higher temperature. The differences in Ho-TPD profiles reveals
the co-existence of different possible H> adsorption sites, with each support displaying
different Mo species population (Mo-N, Mo®*, Mo®*, Mo*", Mo) after the activation steps, and

eventually contributing to the adsorption of H (case of CeO>).
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The catalytic activity of Mo supported catalyst was evaluated in ammonia synthesis and

ammonia decomposition reaction (Figure 8, Figure S6 and Table 3).

Table 3. Summary of the catalytic activity of supported Mo-N supported catalysts in

ammonia synthesis and ammonia decomposition reactions.

Ammonia synthesis reaction

Ammonia decomposition

Initial rate Initial rate Steady state rate Ea

(HMO! Geatalyst  (HMOI Gactive phase™ P f“mo' Geeabs™ 0™ Tho Tio (43 mol

oy 1y« ) Y
B-MozN 76 76 77 - - -
10-Mo-N/SBA-15 84.6 1208 51 460 585 71
10-Mo-N/SiO; 337 481 33.7 425 560 71
10-Mo-N/Al,03 26.0 372 0 450 575 59
10-Mo-N/CeO NDP ND ND 470 - 78

* Rate normalized by the of Mo; ® ND: not detected
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The catalytic activity of Mo-N supported catalysts in ammonia synthesis was evaluated at a
Weight Hourly Space Velocity (WHSV) of 24 000 mL g h* at 400 °C and at ambient pressure
(Figure 8-a). When compared to the unsupported p-MozN (initial rate of 76 pmol geatalyst * h™L),
only 10-Mo-N/SBA-15 catalyst (initial rate of ~ 84,6 Umol Qeatalyst* h™*) displayed a higher
catalytic activity for ammonia synthesis. Under the same catalytic conditions, the 10-Mo-
N/SiO2 (initial rate of ~ 33.7 umol geataiyst = h™t) exhibited lower catalytic activity than those
observed for f-Mo2N phase and 10-Mo-N/SBA-15. However, when normalized against the
active phase loading an initial rate of ~ 1208 pumol Qactive phase - h™* and ~ 481 Mol Qactive phase
h is obtained over 10-Mo-N/SBA-15 and 10-Mo-N/SiO; respectively. While 10-Mo-N/SiO;
catalyst did not show any sign of deactivation over time of reaction, the 10-Mo-N/SBA-15 on
the other hand showed a slight deactivation during the first hour, to stabilize at a constant
production rate of 51 pmol geatayst - h™ which is 60% above the stable rate obtained for 10-Mo-
N/SiO; catalyst (Table 3). In 10-Mo-N/Al.Os, the initial ammonia synthesis rate was found
to be 26.0 pmol geatalyst * ™t denoting a decrease in the catalytic activity when the active phase
is supported on AlOsz with respect to 10-Mo-N/SBA-15 and 10-Mo-N/SiO> catalysts.
Furthermore, the catalytic activity of 10-Mo-N/Al;O3 was found to decrease gradually with
time until completely deactivating after 10 h of reaction. Finally, the 10-Mo-N/CeQO; sample
did not display any catalytic activity in ammonia synthesis despite improved textural and
structural properties.

The effect of the nature of the support in tuning the catalytic activity of Mo species in ammonia
decomposition was also studied and the results are shown in Figure 8-b and in Table 3. As
expected, depending on the nature of the support, differences in the catalytic activity of Mo
species are observed. However, all the studied catalysts were found to be active in ammonia
decomposition. At low temperature, the order of activity, classified as a function of 10% NH3
conversion temperature is: 10-Mo-N/SiO2 (425°C) < 10-Mo-N/Al203 (450°C) < 10-Mo-
N/SBA-15 (460°C) < 10-Mo-N/CeO- (470°C). At higher temperature, complete conversion of
NHz was achieved in the following order: 10-Mo-N/SiO2 (560°C) < 10-Mo-N/Al203 (575°C)
< 10-Mo-N/SBA-15 (585°C) < 10-Mo-N/CeO: (~ 700°C). These results imply that the nature
of the support was not altering severely the catalytic activity of Mo species in ammonia
decomposition as was the case in ammonia synthesis. Surprisingly, by a quick comparison
between the siliceous supports, the catalytic activity seems to be favored by the increase in Mo

species particle size.
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Figure 8 Catalytic activity of 10-Mo-N/Al;O3 ,10-Mo0-N/SiO2, and 10-Mo-N/CeO- for (a)

ammonia synthesis at 400 °C (b) ammonia decomposition from 250 °C to 700 °C.

v.3.,5 Discussion

In this work, a series of supported Mo-N catalysts (10-Mo-N/SBA-15, 10-Mo-N/SiO2, 10-Mo-
N/Al203, and 10-Mo-N/Ce0O-) was prepared by impregnation followed by nitridation under 75
vol.% H2:N, (BOC, 99.98 %) gas mixture at a total gas flow of 60 mL min™* for 2 h at 700°C.
Physico-chemical characterizations of the supported catalysts confirmed the formation of
small Mo nanoparticles as seen by HAADF-STEM, STEM-EDS and PXRD. The mean
particle size of molybdenum species was found to be 1.3 + 0.3 nm in 10-Mo-N/SBA-15, 3.0+
0.3 nm in 10-Mo-N/SiO2, and 1.6+£0.1 nm in 10-Mo-N/Al2Os. Despite achieving high
dispersion of Mo species and limited particle size in all the catalysts, large disparities on the

catalytic activity in ammonia synthesis were observed. The deactivation of 10-Mo-N/Al2O3
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after 10 h of reaction and 10-Mo-N/CeO- displaying no catalytic activity in ammonia synthesis
suggesting an important role of the support in modulating the final state of the Mo phase. To
probe the origin of the catalytic activity differences, the surface composition was studied by
means of XPS. Before the activation step, Mo®" was the predominant species in all the
supported 10-Mo-O/support materials. However, upon nitridation and depending on the nature
of the support, various oxidation states were detected. Over siliceous based supports, the
catalysts showed similar XPS profiles where most of Mo-O species were converted
successfully to Mo-N species ~66.4 at.% and ~69.2 at.% in 10-Mo-N/SBA-15 and 10-Mo-
N/SiO, respectively. In addition, at least 20% of Mo species was found to be present as Mo**
in both catalysts, whereas the remaining Mo species was found to be an unreduced fraction of
Mo®*. This stands to show that the nitridation mechanism remained unchanged when switching
between two supports of same nature. A high level of nitridation was also noticed for alumina
supported catalyst, for which Mo-N species were quantified at 82.0 at.%, alongside to Mo®*
(18.0 at.%). Surprisingly, the distribution of Mo species was found to be quite different in 10-
Mo-N/CeO: catalyst. Only a small fraction of Mo species was successfully nitrided, 4.5 at.%.
Following the activation step, Mo species predominantly formed are Mo**(65.5 at.%), Mo®*
(25.6 at.%) and to a lesser extent Mo°* (7.4 at.%). The stabilization of Mo oxides species when
supported on CeO2 might explain the absence of catalytic activity of 10-Mo-N/CeO: catalyst
in ammonia synthesis.

The differences on the catalytic behaviors cannot be solely explained by the differences in Mo-
N species concentrations. As determined by XPS, 10-Mo-N/Al>Oz displayed the highest
surface concentration of Mo-N species but displayed lower catalytic activity and poor stability
as function of time, leading to a complete deactivation measured after 10 h of reaction. In
many catalytic reactions, the activity of Mo-N species was found to be dependent to
crystallographic phases formed (i.e. p-Mo2N and 3-MoN) [37] and degree of nitridation (5-
MoN) [37, 38] hinting that different Mo-N species can lead to different catalytic activity.
Furthermore, the hydrogen chemisorption capacity of Mo-N species were observed to be
influenced by several factors such as chemical composition (Mo®"/N ratio), Mo oxidation
states, and nitrogen-deficient site density [39]. The mechanism of MoOs3 nitridation is indeed
sensitive to several parameters including particle size, nature of the support, gas composition,
space velocity and/or heating rate leading to the formation of different Mo-N species [40, 41].
For instance, the nitridation of MoOs into 3-MozN is reported to proceed through a mechanism
involving multiple reduction steps: initial reduction to MoO3, then Mo can be nitrided to MoNx

[39, 42]. However y-Mo2N synthesis involved the formation of molybdenum bronze

124



(HxM0,>*M01-4*03) as an intermediate species before nitridation [40]. Thus, the formation of
a specific Mo-N phase can be modified by an appropriate control of the nitridation conditions
[43, 44] and/or by controlling the Mo-support interaction. Therefore, to further elucidate the
role of support in influencing the mechanism of reduction/nitridation process, in-situ EPR and
H>-TPR have been conducted. In-situ EPR has been particularly relevant in determining the
formation of Mo®" during the activation step. The nitridation process was observed to be
significantly different in the case of 10-Mo-N/Al>O3 catalyst. Only when supported on Al2O3,
the formation of large quantity of Mo®" species was detected. The concentration of Mo®*
increased with the time of reaction to reach a plateau after 40 min of reaction. In these
conditions, the formation of hydrogen molybdenum bronze (HxMox’*Mo1x*O3) intermediates
could be supposed. However, considering the stability of Mo®" species under reaction stream,
the formation of Al2(Mo0Os)s hosting the pentavalent Mo species is more probable [45]. Thus,
it is more likely, as seen in XPS, that a part of Mo species is located in the aluminum-
molybdate extra phase which might explain the low initial activity rate of 10-Mo-N/Al>O3
(26.0 pmol geatatyst h™t) when compared to 10-Mo-N/SBA-15 (84.6 pumol geatalyst* h™t). The
progressive formation of Al2(MoO4)s might be also responsible for the deactivation of the
catalyst [46]. In contrast with 10-Mo-N/AlO3, only a weak isotropic Mo®* signal is observed
for silica-based catalysts, which rapidly disappeared during the activation step of Mo species.
It indicates that the process of nitridation is rather dominated by direct reduction of Mo®* to
Mo** without Mo®* intermediate. The differences in the nitridation mechanism suggest the
formation of different Mo-N species depending on the nature of the support. Part of the
discrepancies in the catalytic activity of Mo-N supported catalysts in ammonia synthesis might
be also explained by the differences of Mo-species populating the surface of the catalysts. The
example of 10-Mo-N/CeO: catalyst showcased the role of CeO: in stabilizing MoOx species
and slowing down the nitridation process leading to an inactive catalytic material under the

same conditions of activation used for silica and alumina supported catalysts.

V.4 Conclusion

The preparation of supported nitrides phases offers an elegant approach for the preparation of
small Mo-N nanoparticles in order to boost the catalytic activity for ammonia synthesis and
ammonia decomposition. Herein, by investigating the nature of the active phases, we showed
a strong dependence on the distribution of Mo species according to the nature of the support.

In this context, the results of characterization demonstrated a high dispersion of Mo species in
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all the studied catalysts. Nonetheless, it has been demonstrated that the identity of Mo species
generated during the activation process is significantly influenced by the type of support
utilized, leading to important variations in Mo species formed (Mo-N, Mo®*, Mo®*, Mo*", Mo).
Considering the critical role of nitrogen mobility, surface termination and vacancies
concentration in the mechanism of ammonia synthesis, tuning the interaction between Mo
species and the support is a crucial parameter that greatly influences the catalytic activity
observed in ammonia synthesis. Superior activity for ammonia synthesis was achieved with
10-Mo-N/SBA-15 with an initial rate of ~ 84,6 Umol Qeatalyst* h%, with the other catalysts
lagging behind in the following order: 10-Mo-N/SBA-15 > 10-Mo-N/SiO; > 10-Mo-N/Al,03
> and inactivity for 10-Mo-N/CeO; ; whereas for ammonia decomposition, all catalysts had
close activities with 10-Mo-N/SiO2 > 10-Mo-N/Al>Oz > 10-Mo-N/SBA-1 5> 10-Mo-N/CeQO: ..
Upon comparison of the two siliceous supports, the impact of the particle size on the activity
can be concluded, where larger particle size was influential in the case of ammonia

decomposition but not necessarily for ammonia synthesis.
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Figure S2 Representative low magnification HAADF images and corresponding STEM-EDS
elemental maps obtained for 10-Mo-N/Al20s (a and e), 10-Mo-N/SBA-15 (b and f), 10-Mo-
N/SiO; (c and g), 10-Mo-N/CeO; (d and h)
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Figure S3. XPS spectra recorded on the calcined materials in the support region for the

catalysts before and after nitridation under reaction conditions at 700 °C for 2 h in in situ

chamber connected to XPS.

Table S1. Position of Si 2p peaks of SBA-15 in 10-Mo-O/SBA-15 before and after nitridation

Si 2p peak position Surface composition
Si-O-Si Si-O-H Si-O-Si (%) Si-O-H (%)
10-Mo-O/SBA-15 104.00 103.16 54.96 45.04
10-Mo-N/SBA-15* 104.00 103.05 29.58 70.42

* catalyst subject to pre-treatment under reaction condition at 700 °C for 2 h in in situ chamber

connected to XPS before analysis

133



Table S2. Position of Si 2p peaks of SiO2 in 10-Mo-0O/SiO- before and after nitridation

SiO2 (eV) %
10-Mo-O/SiO> 103.25 100
10-Mo-N/SiO2 103.98 100

* catalyst subject to pre-treatment under reaction condition at 700 °C for 2 h in in situ chamber

connected to XPS before analysis

Table S3.Position of Al 2p peaks of Al203 in 10-Mo-O/ Al>O3 before and after nitridation

Al2Os3 (eV) %
10-Mo-O/Al203 74.1 100
10-Mo-N/Al203 73.6 100

* catalyst subject to pre-treatment under reaction condition at 700 °C for 2 h in in situ chamber

connected to XPS before analysis
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Table S4. H, uptake during H>-TPR for different molybdenum supported catalysts

H> consumption (mmol g

Sample D)
Exp.t Calc.f
MoOs3 23.3 20.8
10-Mo-O/Al,03 2.2 2.1
10-Mo-0O/SiO3 1.53 2.1
10-Mo-0O/CeO> 3.1 2.1
10-Mo-O/SBA-15 1.9 2.1

¢ Quantity of consumed H> obtained from TPR experiments

d Quantity of theoretical H, calculated according the nominal composition to the following
reaction:

MoOsz+3H,—* Mo + 3 H0

425

800
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H, Consumption (a.u.)
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Figure S5. H, — TPR profiles of bare supports
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V1. Chapter V: Ternary nitride NPS supported on SBA-15

MuK mechanism on Co;Mo;N NPs

RN

> Co,Mo,N

Part of this Chapter has been published in Applied Catalysis B: Environmental:

A. Sfeir et al., “Enhancing ammonia catalytic production over spatially confined cobalt molybdenum
nitride nanoparticles in SBA-15,” Appl. Catal. B Environ., vol. 325, no. August 2022, 2023, doi:
10.1016/j.apcath.2022.122319.
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V1.1 Introduction

To compensate the natural variation of power derived from natural resources, the development
of smart grid capable of cooperative electricity generation (mix of energy resources) and
offering a range of energy storage possibilities (short-, mid- and long- term energy storage) is
of high importance for large-scale renewable energy production. Among the energy storage
systems, Power to X (P2X) is expected to play a major role in long-term, large scale energy
storage (days to months). Within the multiples candidates for P2X, ammonia possesses suitable
characteristics to be considered as green, safe and sustainable energy carrier such as high
hydrogen gravimetric content (17.6 wt.%), high energy density (5.2 kWh kg™) based on the low
heat value (LHV), facile liquefaction and low flammability [1]. More importantly, there is an
existing infrastructure for the safe and cost-effective ammonia transportation and distribution

worldwide which alas is not the case for hydrogen [2].

The implementation of large-scale power to green ammonia, in the energy landscape is limited
by the development of novel and efficient processes for cost-effective green ammonia
production. Currently, large-scale ammonia production is achieved through the industrial
Haber-Bosch process (H-B) in which highly purified N2 and H> react over a promoted iron-
based catalyst under high pressure (up to 200 bar) and temperature varying between 400 and
500 °C [3, 4]. While it sustains a significant proportion of the global population through
providing affordable nitrogen-based fertilizers, the process is highly energy demanding. The H-
B process is estimated to consume ~ 1-2 % of the world's annual energy production of which
15 % of energy requirements are solely consumed by high-pressure operations [5]. Currently,
a considerable effort is centred upon the development of highly active catalysts capable of
accelerating ammonia synthesis reaction at milder conditions and preferably at pressures
aligned to those of green hydrogen produced by water electrolysis (10 ~ 80 bar) [6]. From a
thermodynamic point of view, producing ammonia at pressures lower than those used in the H-
B process is possible provided that the reaction is conducted under low temperatures [7]. Thus,
the development of novel generation of catalysts capable of operating at milder conditions is an
important milestone in the deployment of large-scale Power to Ammonia process for energy

storage.

Among the catalysts studied for ammonia synthesis, noble-metal based materials (e.g.
Ru/graphite and CoRes) have been reported to display superior catalytic activity when
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compared to the industrial catalyst. [8] However, considering the cost of noble metals and their
scarcity, there is much interest in the development of non-noble metal-based catalyst for
ammonia generation. One of the most active catalysts reported in the literature is CozMosN
ternary nitride (ammonia synthesis rate of 330 - 652 pmol h™* g** at 400 °C and atmospheric
pressure) [9] with catalytic performance at high pressure exceeding the industrial H-B doubly
promoted iron-based catalyst [10]. Hence, there is a legitimate interest in further increasing the
catalytic activity of CosMosN. In the earlier studies, the high catalytic activity of CosMosN was
attributed to the presence of both Co and Mo in the termination plan (111) resulting in an
optimal N-binding energy [11]. Initially, the role of nitrogen was believed to be limited to
creating the right termination plan containing both Co and Mo. However, recent studies shed
the light on the mobility and reactivity of nitrogen in CosMosN via ®N/**N isotopic exchange
studies and by DFT calculation pinpointing the potential role of the lattice nitrogen in ammonia
synthesis via routes akin to the Mars-van Krevelen (MvK) mechanism [12-14]. Recently, the
mobility and reactivity of lattice nitrogen, in binary and ternary nitrides, towards hydrogen has
been the focus of several research activities [15-17]. The capacity of some metal nitrides (e.g.
TasNs, 8-MnsNs+x, AIN, LisN) to act as a source of pre-activated nitrogen has been of high
interest especially for the development of ammonia production by chemical looping. In this
approach, the lattice nitrogen reacts first with hydrogen to produce ammonia. The depleted
nitrogen transfer material is regenerated upon reaction with atmospheric N2 in a second step.
Related to this concept, the nitrogen mobility and reactivity of several nitrogen transfer
materials have been explored including MnsNs.x, AIN and LisN [18-20]. In several cases, the
activity of catalysts operating through mechanism akin to MvK was found to be strongly
dependent upon: (i) structural and textural properties (e.g. exposed surface and crystal size) (ii)
chemical composition and/or (iii) a combination of both [21, 22]. Unfortunately, the preparation
of CosMosN requires at least one calcination step at 550 °C to form the oxide precursor
(CoMo00g), once the oxide is obtained, the nitride phase is formed by an ammonolysis step,
under a flow of pure ammonia, at 750 °C. The different thermal treatments result in crystal
growth and unavoidable surface reduction (~ 10 m? g ). As such, there is a high interest in the
development of novel approaches for the preparation of divided nitride phases, displaying high
surface area and retaining small nanoparticle size. At the nanoscale level, the catalytic activity
is expected to increase due to the increase of the surface to volume (A/V) atom ratio, which
increases both available surface area and active site density for catalytic reaction. Furthermore,
ammonia synthesis reaction has been evidenced to be structure-sensitive [23, 24]. Tsuji et al.

demonstrated that the formation of bimetallic Co-Mo nanoparticle supported on CeOg, prepared
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by NaNaph driven reduction, resulted in higher catalytic activity in ammonia synthesis [25].
The authors concluded that the formation of nitrogen vacancies occurs more easily on Co-Mo
nanoparticles when supported over ceria than for bulk CosMosN. Such vacancies formation can
explain the better performances reported for Co-Mo/CeO catalyst. Thus, enhancing the surface
concentration on steps and defects through the dispersion of active nanoparticles nitrides is a
tantalizing approach for improving the catalytic activity of nitrides materials.

In this work, we implemented a novel strategy to improve the catalytic activity of CozMosN by
confining the active phase within the mesopore of SBA-15 silica. SBA-15 was utilized as a
suitable support due to its: (i) high surface area; (ii) highly ordered and uniform mesopores; and
(iii) good thermal stability. The catalysts were evaluated in the ammonia synthesis reaction
conducted at 400 °C and under atmospheric pressure. The effect of the textural and structural
properties on the physicochemical properties and catalytic activity was investigated through an
extensive characterization study. The positive effect of confining the active phase within the

porosity of SBA-15 was demonstrated in ammonia synthesis.

V1.2 Experimental Procedure

VI.2.1 Catalyst Preparation

Chemicals. All chemicals needed for the preparation of mesoporous SBA-15 support and
CoMo-N/SBA-15 materials were used as purchased without further purification:
tetraethylorthosilicate (Si(OC2Hs)s, TEOS, 98 wt.%, Sigma-Aldrich), non-ionic triblock
co-polymer Pluronic P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol), average MW ~5800, Sigma-Aldrich), cobalt nitrate hexahydrate
(Co(NO3)2.6H20, 98 wt.%, Sigma Aldrich) and ammonium para-heptamolybdate tetrahydrate
(NH4)sM07024.4.H20, 99 wt.%, Alfa Aesar).

Preparation of CosMosN. Firstly, CoMo0O4 was prepared by dissolving the required quantities
of cobalt nitrate and ammonium heptamolybdate in deionized water. The solution was then
heated under reflux at 85 °C for 12 h. The resulting purple precipitate was recovered by
filtration and washed with deionized water and ethanol, followed by drying at 100 °C overnight.
The powder was then calcined at 500 °C (1.5 °C min™) for 6 h to form the desired CoMo0O4
phase. After calcination, the oxide was converted to its nitride counterpart (CosMosN) by an

ammonolysis step.
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Preparation of CoMo-N/SBA-15 catalysts. The SBA-15 support was prepared according to
hydrothermal method, under acidic conditions as described elsewhere [26].

CoMo/SBA-15 catalysts with different loadings were prepared by an adapted impregnation-
infiltration protocol. In the first step, Mo was impregnated on SBA-15 by incipient wetness
impregnation under mild drying (IWI) [27]. The aqueous molybdenum precursor solution was
mixed with the support and gently dried at 25 °C for 5 days. The solid was then calcined at 400
°C (1.5 °C min™) for 5 h. At this step, SBA-15 supported MoOs is obtained. In a second step,
cobalt was added to the latter by Melt Infiltration (M) method. In this method, the cobalt nitrate
precursor was first ground with Mo-SBA-15 powder. The resulting solid was then transferred
into a Teflon-lined autoclave and submitted to a thermal treatment at 57 °C for 4 days. The solid
was then calcined at 500 °C (5 °C min?) for 5 h.

Ammonolysis process. To convert the oxides into their nitrides counterpart, all the synthesized
materials were subject to an ammonolysis step under NHz (BOC, 99.98 wt.%) at a flow rate of
60 mL mint at 785 °C for 5 h. Then, the material was cooled down to ambient temperature
under ammonia flow. Upon reaching room temperature, the catalyst was purged using N2 (100
mL min) for 1 h followed by a passivation step under a low concentration of oxygen gas
mixture (99.9 % N2/ 0.1 % O;) for 5 h.

N.B. Herein, the samples obtained after the calcination step are denoted as X-CoMo/SBA-15.
The X represents the weight percentage of CoMoOs. The catalysts obtained after the
ammonolysis step are denoted as X-CoMo-N/SBA-15, while post-reaction materials are
referred to as X-CoMo-N-Pr/SBA-15. The properties of SBA-15 were also studied and will be
referred to as N/SBA-15 for SBA-15 after ammonolysis, and N-Pr/SBA-15 for post-reaction

material.

VI.2.2 Characterization Techniques

In this article, the following characterization techniques were used: XRD (Low and high angle),
N2 physisorption, XPS, TEM, Hx-TPR, CHN, and Solid-state ?°Si and *H NMR. For more
information regarding the characterization techniques, please refer to Chapter 2 for all details

Catalytic activity: In a typical temperature programmed reaction test, 0.150 g of CoMo-
N/SBA-15 catalyst was placed in a quartz reactor and pre-treated at 700 °C under a 75 vol.%
H2/N2 (BOC, 99.98 %) gas mixture at a total gas flow of 60 mL min~* for 2 h. The reaction was
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then performed at 400 °C, under the same flow rate of 75 vol.% H2/N: for at least 10 h.
Ammonia production was determined by measurement of the decrease in conductivity of a 200
mL 0.0018 M H2SOs solution through which the reactor effluent stream flowed and was
monitored as a function of reaction time. The rate of the reaction was calculated according to

the following:

_ AC XnNH3 X 60
- mx1076x X,

Where: r is the rate of the reaction for a range of time; A, is the average change in conductivity
per minute over a range of time; nyy5 IS the number of moles of ammonia that correspond to
the decrease of 1 uS/cm; m is the mass of the catalyst; X,,; is the load wt.%. The constants are

added for conversion purposes to obtain the rate in umol/h. gactive phase

Ammonia production under reducing conditions. Lattice nitrogen reactivity of the 10-
CoMo-N/SBA-15 towards hydrogen was evaluated under reducing condition. 0.6 g of catalyst
was placed in a quartz reactor and pre-treated at 700 °C under a 75 vol.% H2/N2 (BOC, 99.98 %)
gas mixture at a total gas flow of 60 mL min~* for 2 h. Therefore, the reactor was purged under
argon and the temperature decreased at 400°C. The reaction was then performed at 400 °C,
under the same flow rate under a 5 vol.% Ha/Ar for at least 10 h. Low H> concentration flow
was applied in order to decrease the N consumption rate from the catalyst. Quantification of

ammonia was done in a similar manner to the catalytic test.

V1.3 Results and Discussion

V1.3.1 Structural and textural properties of CoMo-N/ SBA-15

VI.3.1.1 Stability of SBA-15 under reactive conditions

PXRD. While the properties of SBA-15 support are extensively studied, the stability of this
latter under ammonolysis conditions and under conditions relevant to ammonia synthesis is less
available in the literature. In order to verify the stability of SBA-15 support through the different
steps of the synthesis, SAXS patterns of the as-prepared siliceous support were first collected
before and after nitridation and are presented in Figure S1. As expected, the as-prepared
siliceous support displays the characteristic three well-resolved diffraction peaks that can be

associated to the (100), (110), and (200) planes of the p6mm hexagonal symmetry structure
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reflecting the well-defined and uniform range mesoporous structure of SBA-15 (Figure S1-a).
After ammonolysis treatment, the support maintained its pore structure quality (Figure S1-b)
albeit a shift of the reflection peaks can be observed at higher 20 angles from 0.889° to 0.933°.
This shift indicates a slight pore contraction of the sample and could originate from the sintering
occurring during the ammonolysis process (785 °C). Nevertheless, as illustrated in Figure S1-
¢, SBA-15 support still presents its characteristic reflections after 10 h of reaction under
conditions relevant to ammonia synthesis (75 vol.% H in N, at a total flow rate of 60 mL min2,

400 °C) indicating the conservation of a good pore structure ordering within the sample.

N2 adsorption/desorption. Complementary information on the impact of the ammonolysis
treatment on the textural properties of SBA-15 was obtained through nitrogen physisorption
analysis (Table 1 and Figure S2). Before treatment, SBA-15 exhibited an adsorption/desorption
isotherm of type IV with a hysteresis loop of type H1, at a relative pressure between P/Po = 0.6
- 0.8, which is typical of a mesoporous solid with highly uniform arrays of cylindrical pores
with an average diameter of 6.5 nm (Figure S2-a). After ammonolysis, the study of the isotherm
profile confirmed that N/SBA-15 maintained a uniform mesoporosity (Figure S2-b). However,
an important decrease of 33 % in the SBA-15 accessible surface area (760 m? g* to 504 m? g
1), accompanied by a decrease in pore volume (1.12 cm® g* to 0.75 cm® g'1) are observed.
Moreover, upon ammonolysis, N/SBA-15 was found to contain smaller pores with size centred
around 6.1 nm which is in line with pore contraction observed by SAXS. These changes might
be related to the sintering at high temperature or to the corrosive and basic atmosphere of the
ammonolysis process. However, no significant changes in the textural properties of the support

were detected under ammonia synthesis reaction conditions (Figure S2-c).

TEM. The morphology of the N/SBA-15 material was observed by means of HRTEM. The
images (Figure S3) show the well-ordered hexagonal arrays of the mesopores, confirming that
after ammonolysis step, the characteristic porous structure of SBA-15 material is maintained as
previously indicated by SAXS and N> porosimetry results. Accumulation of nitrogen on the
support is evidenced, through elemental mapping. This accumulation is also confirmed by N
chemical analysis through elemental analysis (CHN), which gives a N content in the material
of ~2.74 wt.%.
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Figure 1 Solid-state 1D 2°Si MAS NMR spectra of (a) calcined SBA-15, (b) after ammonolysis,
and (c) after 10h of reaction.

Solid-state 2Si and 'H NMR spectroscopy. Figure 1 presents 1D 2°Si MAS NMR spectra of
the as prepared SBA-15 (post-calcination), N/SBA-15 (post-ammonolysis) and N-Pr/SBA-15
(post-reaction). In the 2°Si NMR spectrum of SBA-15, peaks at (190, (1100, and [1110 ppm that
can be attributed to Si-(0Si)2(OH)2 units (Q?), Si-(0Si)3(OH) units (Q%), and Si-(0Si)4 units
(Q"), respectively are observed [29]. After ammonolysis, the overall line-shape of 2°Si NMR
spectrum associated with the Q2 Q% and Q* sites was retained to some degree, but slightly
shifted towards high frequency values (Q% 189, Q% (1100, and Q* 1109 ppm). However, the
relative peaks intensities are different. In addition, these peaks are broader which may be related
to the heterogeneity of the Si local field (non-uniform distribution of bond length and angles)
after ammonolysis. More importantly, an additional strong intensity resonance at ca. (171 ppm
and a weak intensity broad peak in the vicinity from 075 ppm to (160 ppm are expected to
originate from the formation of surface silanol by ammonia to surface silyl-amine site
(SiO2N(NH)x) moieties [29]. However, the extent of these surface sites is likely limited as
reflected in the low intensity peak. The complete formation of an amorphous silicon nitride
SizN4 can be safely ruled out from these results as the spectra obtained for these materials are
usually characterized by large peak with maxima of ~ 48 ppm, which is not observed in the 2°Si
MAS NMR spectra [30]. Elemental analysis further corroborates NMR results and confirms the
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low nitrogen content in the sample ~ 2.74 wt.%. In the post-reaction SBA-15 catalyst, minor
changes in 2°Si NMR are observed as the intensity ratio of Q%/Q?2 is slightly different, with
respect to the post-ammonolysis sample, which may be related to differences in silanol
concentration in both samples. Furthermore, calcined, post-ammonolysis, and post-reaction
SBA-15 were studied using *H-tH 2D spin diffusion (SD) NMR to characterize through-space
'H-H proximities. In measurements of this type, magnetization is allowed to exchange between
the H neighboring sites using a mixing delay (as referred to as spin diffusion delay), which
leads to the on- and off-diagonal peaks for chemically equivalent and inequivalent 'H sites,
respectively. Figure 2 displays 1D *H MAS and 2D 'H-'H SD spectra of SBA-15 before and
after the reaction. Prior to the ammonolysis treatment, the *H NMR spectrum of calcined SBA-
15 is mainly dominated by a major peak at ~3.8 ppm corresponding to the surface adsorbed
water, and a broad distribution of weak intensity peaks cantered at 6.5 ppm are attributable to
the strong hydrogen bonding interactions between these groups and silanol protons. In the 2D
'H-IH SD spectrum of the same material (Figure 2b), the off-diagonal peak between 3.8 ppm
and 6.5 ppm indicate the through space proximity between silanol and the hydrogen bonded
hydroxyl moieties. By comparison, after ammonolysis, and in the post-reaction material, the *H
peak associated with silanol groups is displaced towards high frequency values (4.5 ppm and
5.2 ppm) with this latter peaks is hypothesized to originate from weakly adsorbed silyl-amine
sites [31-33]. In addition, a broad peak between 0 and 4 ppm appeared after ammonolysis which
is likely due to the formation of silanol groups (SiOH) at different local chemical environments
[32].
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Figure 2 Solid-state 1D H spectra of SBA-15, H-'H 2D NMR spin diffusion spectra of (b)
calcined SBA-15, (c) after ammonolysis, and (d) after 10 h of reaction. For (b-d), the spin
diffusion mixing time was 500 ms. All spectra were acquired at 18.8 T (Larmor frequency of
14 =800.1 MHz) with 50 kHz MAS at room temperature.

Further changes are observed after the post-reaction, whereby the intensities of peaks in the 0-
4 ppm range (SiOH groups) are increased with respect to the water/silanol protons (4.2 ppm)
which is consistent with the increased intensities of Q2 and Q? silicon sites observed in 2°Si
NMR spectra. The increase in silanol concentration is likely due to the reaction between Si-O-
SiO(OH) and NH3 which leads to the formation of OSiOH and H>NSiO(OH). Additionally,
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subtle changes to the lineshape at 5.2 and 5.7 ppm are observed with partially resolved shoulder
peaks are expected to stem from the NHzs-like groups adsorbed on the SBA-15 [33, 34]. This is
further supported by the analysis of 2D SD spectra of ammonolysis and post-synthesis reaction
(Figure 2c, d) in which strong correlation peaks between the surface adsorbed water and the
silyl-amine sites are observed, as depicted in the blue circles. The off-diagonal 2D peaks
connecting the chemical shifts at 1.3 and 1.8 ppm and 4.5 ppm (grey boxes) are due to the close
proximities between the surface adsorbed water and the silanol groups.

Overall, structural and textural properties of the SBA-15 support was indubitably impacted by
the reactive conditions applied in the study. However, it was observed that N/SBA-15
maintained its ordered porous structure and satisfying surface area ~504 m?2 g%, which is still
fairly high for catalytic applications. Besides, changes in the local Si environment were
evidenced by ?°Si and *H NMR and could be attributed to the formation of silyl-amine sites
(SiO2N(NH)x) on the silica surface. In the other hand, HRTEM and SAXS results clearly
indicate that N/SBA-15 maintain the initial characteristics of a 2D hexagonally ordered
structure. Thus, we demonstrate that SBA-15 is sufficiently robust under reaction conditions
and is to be considered as an appropriate support for the dispersion of small metal nitride

particles within its porosity.

VI.3.1.2 Characterization and Structural Evolution of CoMo/SBA-15 and CoMo-N/SBA-15
PXRD. Bulk CosMosN catalyst. Before ammonolysis, the presence of a pure and well
crystallized CoMoOs precursor phase (PDF: 21-0868) was confirmed by PXRD (Figure S4).
The diffractogram exhibited intense and sharp PXRD diffraction peaks indicating the
preparation of a well-crystallized material with a large coherent diffraction domain. Following
the ammonolysis step, all the detected XRD diffraction peaks (Figure 3) matched the CozMo3zN
(PDF 89-7953) confirming the formation of a pure nitride phase. As in the case of CoM00O4
intense and sharp reflections XRD peaks are observed indicating the formation of a well-
crystallized nitride phase.
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Figure 3 PXRD patterns of CozMosN and CoMo-N/SBA-15 with different loading. (a) wide-
angle PXRD and (b) SAXS patterns

CoMo/SBA-15 catalysts. Prior to the ammonolysis step, the effective dispersion of CoMo00O4
phase in SBA-15 was confirmed by PXRD in the wide-angle domain (Figure S4) for which
only poorly defined reflections of the oxide phase are observed despite loading reaching 30
wt.% in the supported catalysts. Interestingly, after the ammonolysis step, no peaks related to
either CosMosN phase or single Co-N / Mo-N phases were detected on supported samples. Only
a broad PXRD peak of amorphous silica was retained (Figure 3-a). The absence of reflections
related to the CosMosN phase may be related to a possible re-dispersion of this latter during
ammonolysis process. The presence of single Co-N or Mo-N phases can however not be ruled

out, even if the broad signal positions below the main reflections of the CozMosN bulk phase.
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SAXS patterns collected after the ammonolysis step displayed the same diffraction patterns,
with respect to the parent N/SBA-15, confirming that the derived catalysts maintained their

regular pore structure through ammonolysis conditions (Figure 3-b).

Nitrogen adsorption-desorption analysis

The evolution of the textural properties of the catalysts was investigated by means of N>
physisorption. The results are shown in Figure 4, Figure S5, and Table 1. Bulk CoMo0O4 and
CosMosN. The unsupported CoMoO4 and CozsMosN materials exhibited a limited accessible
specific surface area (Table 1). After the ammonolysis, the surface area increased slightly from
6.1 m?g! on CoMoO4to 13 m?g™ on the CosMosN counterpart. Both materials exhibited a type

Il isotherm reflecting their non-porous nature.

CoMo/SBA-15. The N2 adsorption/desorption isotherms of CoMo/SBA-15 (10, 20 and 30
wt.% of CoMo) are presented in Figure S5. 10-CoMo/SBA-15 and 20-CoMo/SBA-15 preserve
a similar type IV isotherm with a hysteresis loop of type H1 with respect to the parent SBA-15.
Furthermore, only a small increase in the pore size from 6.5 nm on SBA-15 to ~ 7.2 nm on 20-
CoMo/SBA-15 was observed. These results confirm that these catalysts retain the initial
characteristics of SBA-15. However, the 30-CoMo/SBA-15 showed an H2b hysteresis loop,
reflecting pore blocking at high CoMo loading. Compared to the SBA-15, the BET surface area
of CoMo/SBA-15 catalysts showed a marked decrease with CoMo loading (from 760 m? g on
SBA-15 to 295 m? g on 30-CoMo-SBA-15 sample, see Table 1), indicating the filling of
CoMoOs in the channels of SBA-15.
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Figure 4 (a) N2 adsorption—desorption isotherms and (b) pore size distribution of SBA-15 and

CoMo-N/SBA-15: The N2 adsorption/desorption isotherms obtained after the ammonolysis
step are presented in Figure 4. The results confirm that, at low CoMo loading, the ordered
mesoporous structure is mostly not altered by the ammonolysis step, while the microporous
domain is strongly reduced (Table 1). Interestingly, in the CoMo-N/SBA-15, the changes, upon

ammonolysis, are less significant than those observed on the bare SBA-15. In fact, only a small
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decrease in the accessible surface area and pore volume occurring over CoMo-N/SBA-15 is

observed which might be due to the presence of nanoparticles inside SBA-15 mesoporosity.

Table 1. Textural properties of SBA-15, unsupported CoMo and supported CoMo-based

catalysts after calcination, ammonolysis and post-reaction.

SBET,a S,u,b Vp,c V,u,d Dp,e 3.0,f to,g

3n1 3n1
mzg! mzg! CM.gT  CMeg nm nm  nm

CoMo0O, After calcination 6.1 - - - - - i

After ammonolysis  13.0 - - - - - -

CoszMosN

Post-reaction 8.6 - - - - - -

After calcination 760 131 1.12 0.06 6.5 11.48 498
SBA-15 After ammonolysis 504 9.6 0.75 - 6.1 1092 4.82

Post-reaction 526 19.3 0.82 - 6.1 10.89 4.79

After calcination 390 50 0.71 0.02 7.1 1111 401
10-CoMo- ]

After ammonolysis 348 19 0.71 0.005 6.8 10.87 4.07
N/SBA-15

Post-reaction 376 - 0.65 - 6.9 11.35 4.45

After calcination 344 44 0.64 0.02 7.2 10.99 3.79
20-CoMo- )

After ammonolysis 361 14.4 0.70 - 76 10.76 3.16
N/SBA-15

Post-reaction 359 9.3 0.61 - 6 10.65 4.65

After calcination 295 44 0.43 0.02 58 1135 5.55
30-CoMo-

After ammonolysis 285 14 0.49 - 58 11.11 531
N/SBA-15

Post-reaction 213 4 0.35 - 57 11.11 541

4 Sger Calculated by the BET method; P S, microporous surface area; ¢V, total pore volume calculated
using BJH method; ¢ Vi micropore volume; ¢ D, mean pore size calculated using B.J.H method, flattice

parameter calculated by hexagonal structure and bragg’s equation, 9wall thickness, ao - D
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TEM-EDS analysis

After ammonolysis, the morphology of CoMo-N/SBA-15 as well as the local distribution of
cobalt and molybdenum species in mesoporous SBA-15 were studied by means of HAADF-
STEM analysis coupled with EDS mapping. A selection of representative images of the
supported samples is presented in Figure 5 and Figure S6.

As observed on the slice analyses (~75 nm thickness), the characteristic porous structure of
SBA-15 material is preserved with well-ordered mesoporous hexagonal arrays in all
CoMo-N/SBA-15 which is consistent with SAXRD and N physisorption. Furthermore, the
distribution profile of the metal species throughout the porosity of SBA-15 was observed by
HAADF micrographs performed over various areas of the supported samples. As observed,
nanoparticles are highly dispersed within the 2D-channels of SBA-15 for the 10-CoMo-N/SBA-
15 catalyst (Figure 5 and Figure 6-a).
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Figure 5 Representative HAADF images for supported CoMo/SBA-15 after ammonolysis
reaction. 10-CoMo-N/SBA-15 (a, b, and c), 20-CoMo-N/SBA-15 (d, e, and f) and 30-CoMo-
N-SBA-15 (g, h, and i)

Complementary EDS analysis confirm the high dispersion of Co and Mo species throughout
the siliceous framework albeit some enrichment of metal species on the external surface of the
grain cannot be ruled out (Figure S6). The progressive increase of CoMo amount within the
SBA-15 support could slightly amplify such external Co enrichment that is more noticeable
especially on 30CoMo-N/SBA-15 (Figure S6-c), due to the first Mo incorporation in the support
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that can lead to some pore entrance constriction thus limiting the infiltration of Co precursors.
Therefore, Co304 phase was identified by PXRD (Figure S4) as a segregated secondary phase
on the oxide material (30-CoMo/SBA-15). However, most of the Co and Mo signatures in the
EDS micrographs are in close proximity, supporting the formation of CoMo-N mixed phase

instead of single Co-N and Mo-N phases.

V1.3.2 Oxidation states and chemical composition by XPS.

To gain insight into the evolution of the surface chemical composition, XPS analysis was
performed for the calcined and post-ammonolysis catalysts. Furthermore, the effect of catalytic
pre-treatment on the oxidation state and surface composition was also studied. The results are

summarized in Figure 6, Table S1, Table S2, and Figure S7.

CosMosN. As expected, in CoMoOQys, the predominant species are Co?" and Mo®" (Table S1 and
Table S2). However, after the ammonolysis step, Mo 3d and Co 2p XPS profiles showed a
range of different oxidation states similar to those reported in the literature with the presence
of Mo-O and Co-O [35]. The spectral decomposition of the high-resolution Mo 3d region can
be ascribed to the Mo®*, Mo®*, Mo*" and Mo-N species. The peaks characteristics of Mo-N
species are of weaker intensity suggesting the formation of an oxidation layer at the surface of
CosMosN. These results are consistent with the oxidation layer observed by HAADF-STEM

(Figure S8) which was passivated after the ammonolysis step.

In order to access the surface composition of the catalyst under reaction conditions, CozMozN
was pre-treated in an XPS environmental chamber permitting to mimic the pre-treatment used
prior the catalytic test. The use of an environmental chamber allowed us to study the surface
composition of CosMozN with minimal surface contamination. A drastic change was observed
in both Mo 3d and Co 2p XPS profiles. After the pre-treatment under a flow of H2/N2, an

important shift to lower binding energies is observed in both Co and Mo XPS profiles.

156



2p Co (b)

(a) 2p Co
10-CoMo-N/SBA-15/H,:N,

Co,Mo,NH, N,

10-CoMo-N/SBA-15

2 n
% Co,Mo,N %
CoMoO, 10-CoMo/SBA-15 2
800 7% 7% 785 780 775 goo 795 790 785 780 775
Binding Energy (V) Binding Energy (eV)
3d Mo (a) 3d Mo (b)
10-CoMo-N/SBA-15/H,:N,
Co,Mo,NH,:N,
10-CoMo-N/SBA-15
1) Co,Mo,N (%)
o 4%; \ </ \ o
o O
GoMeo, 10-CoMo/SBA-15
212 240 238 236 234 232 230 228 226 242 240 238 236 234 232 230 228 226
Binding Energy (eV) Binding Energy (eV)
3p Mo (@) 3p Mo (b)
10-CoMo-N/SBA-15/H N,
Co;Mo N/H,N, M
10-CoMo-N/SBA-15
. 7
Q O

10-CoMo/SBA-15

CoMoO4

425 420 415 410 405 400 395 390 425 420 415 410 405 400 395 390
Binding Energy (eV) Binding Energy (eV)

Figure 6 XPS spectra in the Mo 3d region, Co 2p region and Mo 3p region of (a) CosMosN and
(b) 10-CoMo-N/SBA-15. CosMo3N/H2: N2 and 10-CoMoN/SBA-15/H>:N were subject to pre-
treatment under reaction condition at 700°C for 2h in environmental XPS chamber before

analysis.

These values are more aligned with the intermetallic nature of CosMosN presenting a low valent

state of metals. The high resolution of Mo 3d spectra (Figure 6) show two major spectral lines
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corresponding to Mo 3ds2 and Mo 3da2 spin-orbit components 228.59 eV and 231.73 eV of
Mo-N species [25, 35]. The intensity and fraction of Mo-N is much pronounced in this case
revealing the true composition of the active surface phase under reaction conditions. In the high-
resolution Co 2p spectra, the position of the major spectral line was found at 778.88 eV which
is in agreement with the value reported in CosMosN prepared by Hosono’s group [25].
Although this value is very close to metallic cobalt, this latter is usually reported at lower
binding energy (777.9 eV).

Figure 6 shows the spectral decomposition of high-resolution Mo 3p spectra in which N 1s can
also be observed. In this region, an intense and well resolved peak is observed at 398.4 eV
which is very comparable to N 1s observed in CosMozN (397,9 eV) and in Mo2N and MoN
bulk (397.8 eV) [25, 36]. Thus, after the pre-treatment, it can be concluded that the surface is

mostly populated with N adatoms.

CoMo-N/SBA-15: The evolution of the surface composition of CoMo-N/SBA-15 catalysts
were studied and compared to the unsupported catalyst (Figure 6, Figure S7, Table S1, and
Table S2). In a similar manner to CoMo00O4, all the CoMo/SBA-15 obtained after calcination
were composed predominantly of Mo®* and Co?* species. For 30-CoMo/SBA-15, an additional
set of peaks were identified in the Co 2p spectra at 779.4, 780.70, 782.00, 785.00 and 789.30
eV, corresponding to Coz04[37] (Figure S7) which is in line with PXRD results. Such signals
were not observed for 10-CoMo/SBA-15 sample, confirming the absence of Coz04 formation

in this solid in agreement with PXRD results.

Upon ammonolysis, all the catalysts showed a range of oxidation states that are similar to those
observed in the unsupported CosMosN. For instance, the spectral decomposition of the high-
resolution Mo 3d region showed the presence of a range of oxidation state including Mo®*,
Mo®*, Mo*" and Mo-N. For the 30-CoMo-N/SBA-15, CosO, peaks are not observed after
ammonolysis, suggesting that the latter has been successfully nitrided (Table S2). After the pre-
treatment, most of the materials were composed of Mo-N and Co-N confirming that under
reaction conditions, the surface is mainly populated with N adatoms. In summary, the surface

composition of CoMo-N/SBA-15 was found to be very similar to the CozsMosN.

V1.3.3 Reducibility of CoMo/SBA-15

The degree of interaction between the dispersed phase and SBA-15 support can be indirectly
evaluated upon studying the reduction of cobalt molybdenum oxide species by H>-TPR. The
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H>-TPR results of CoMo/SBA-15 catalysts are presented in Figure 7 and in Table S3. alongside
the CoM0Os.

30-CoMo/SBA-15 20 700

~ | 20-CoMo/SBA-1 y\\__\——
S

< 10-CoMo/SBA-‘1%L
g— 628 872
-

1]

=

3

o CoMoO4 710

0 100 200 300 400 500 600 700 800 9001000
Temperature (°C)

Figure 7 H,-TPR profiles of CoM0oO, and CoMo/SBA-15 catalysts

The reduction temperature and Hz consumption are presented in Table S3. TPR-profile of
CoMo0Os4 showed that the reduction process started at 600 °C. The reduction profile was
characterized by two main reduction peaks at 628 and 872 °C with a smaller shoulder at 710
°C. The Hx-TPR profile agrees well with previous studies where the reduction of CoMoO4 is
generally accompanied with the formation of suboxides intermediates such as Co.MosOg and/or
CoMoOs3 [38, 39]. Substantial changes in the reduction behavior are observed for the
CoMo/SBA-15 samples. The reduction peaks are shifted to lower temperatures, with reduction
starting at temperatures as low as 450 °C. In this case, the reduction peak at lower temperature
which presents higher intensity and the shoulder between both main peaks is no longer
observed. Interestingly, the main reduction peak slightly shifted to higher temperatures with the
increase in CoMo loading. For the 30-CoMo/SBAL15 sample, an additional peak is observed at
a temperature of ~ 338 °C which might be attributed to the reduction of segregated Coz04 phase,
previously identified by PXRD analysis [40]. In summary, the reactivity of cobalt molybdates
towards hydrogen was greatly improved upon dispersion on SBA-15, confirming the

stabilization of small nanoparticles within the siliceous framework.
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V1.3.4 Catalytic performance in ammonia synthesis
The catalytic activity of N/SBA-15 was first evaluated (Figure 8 and Figure 9). After 10 h of
reaction, no ammonia production was measured which ruled-out the possibility of ammonia

formation/desorption from the silylamine sites observed by °Si and *H NMR.
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Figure 8 Cumulative ammonia yield obtained of N-SBA-15, CosMosN, 10-CoMo-N/SBA-15,
20-CoMo-N/SBA-15, and 30-CoMo-N/SBA-15. Reaction performed under 60 mL min* flow
rate of 75 vol.% H2/N2 at 400 °C and ambient pressure.

Thereafter, the catalytic activity of CoMo-N/SBA-15 was studied and compared to the well-
established CosMosN catalyst. CosMo3N exhibits high catalytic activity for ammonia synthesis
at ambient pressure (rate of 248 Umol geatalyst L h™, WHSV 24 000 mL g* h't) which is consistent
with values reported in the literature but at lower WHSV 9 000 mL g* h 1 [41, 42]. However,
it is worth noting that increasing WHSV might affect ammonia synthesis rate, and therefore a
direct comparison of activity with values from the literature is difficult. Under the same
catalytic testing conditions, the 10-CoMo-N/SBA-15 (rate of 263 pmol geatayst* h™, WHSV 24
000 mL g! h) exhibits close initial catalytic activity than for the CosMosN, despite a
significantly lower content of active phase in the reactor. When the active phase loading
increases up to 20 wt.%, almost a linear increase in the catalytic activity was observed (20-
CoMo-N/SBA-15: 479 pmol geatatyst > ™2, WHSV 24 000 mL g h'%). Increasing the loading of
the active phase to 30 wt.%, resulted in a further increase in the catalytic activity up to 518
UMOl Geatatyst ™~ ™.
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Figure 9 Initial rate of NH3 synthesis calculated for N-SBA-15, CozMozN, 10-CoMo-N/SBA-
15, 20-CoMo-N/SBA-15, and 30-CoMo-N/SBA-15. Reaction performed under 60 mL min
flow rate of 75 vol.% H2/N2 at 400 °C and ambient pressure.

However, upon reaction, differences between initial catalytic activity and activity after reaching
steady state conditions are observed (Table 2). The supported CoMo-N/SBA-15 displayed a
stationary rate of 120, 200 and 170 pmol geatayst* h™ corresponding to the loadings of 10, 20,
30 wt.% respectively. It can be seen that the stationary ammonia synthesis rate is lower than
the initial rate which may denote the contribution of surface nitride decomposition by
hydrogenation during the first hour of reaction. The decrease in the catalytic activity is more
apparent with the 30-CoMo-N/SBA-15 which might be related to the presence of a single phase

of cobalt prone to decomposition and deactivation.

The beneficial effect of the CoMo-N phase dispersion becomes more evident when ammonia
synthesis rate is normalized with respect to the active phase loading (wt.% of CosMosN phase).
For instance, at steady state conditions, a rate of 1714 umol Qactive prase - W™ is obtained over the
10-CoMo-N/SBA-15 catalyst. A gradual decrease is observed while increasing the cobalt
molybdenum charge. Thus, the normalized ammonia synthesis rate decreased to 1429 pmol
Jactive phase - ™ and 810 Mol Gactive phase * h™* for the 20-CoMo-N/SBA-15 and 30-CoMo-N/SBA-
15 catalysts respectively. All values however remain far above the production rate registered
for bulk CosMosN (248 pmol geatalyst h™t). From these results, it can be concluded that the
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stabilization of cobalt molybdenum nitride at a nanoscale level ameliorates significantly its
catalytic performance in ammonia synthesis. The progressive decrease in normalized ammonia
synthesis rate with the CoMo-N loading could be linked to the pore plugging phenomenon that
becomes more significant at high loading. Indeed, we observe a decrease of the normalized
ammonia synthesis rate by 53% between 10% and 30% CoMo-loading. At the same time, the
surface area and pore volume of the catalysts are reduced by 43% and 51% respectively.
Consequently, the decrease of active phase reactivity is preferably associated to the decrease in
particle accessibility inside the pores than to a reduction of the nitride phase surface/bulk

reactivity.

Table 2. Summary of the catalytic activity of CoMo-N/SBA-15 catalysts in the ammonia
synthesis under 60 mL min™ of 75 % Hz in N> (BOC, 99.98 %) at 400 °C and atmospheric

pressure.

Mo/Co Initial rate Stationary rate**

atomic ratio* pmol gcatalyst-1 MMOl Qactive phase-1 MmOl g catatyst HMOI g active

ht ht Lt phase™ L
SBA-15 0 0 0 0 0
Co:Mo:N 0.99 248 248 259 259
10-CoMo-N/SBA-15 1.088 263 3507 120 1714
20-CoMo-N/SBA-15 0.796 479 3193 200 1429
30-CoMo-N/SBA-15 0.386 518 2355 170 810

* ratio calculated from TEM/EDS quantification

** Ammonia synthesis rate calculated after reaching steady state condition

VI1.3.5 Thermal, textural, and structural stability of CoMo-N/SBA-15 catalysts
after reaction.
The thermal stability of CoMo-N/SBA-15 catalysts is a significant challenge, especially under

ammonia synthesis condition. To provide a distinct comparison between post-ammonolysis and
post-reaction catalysts, a systematic study on the thermal stability of catalysts has been

conducted.
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Figure 10 PXRD patterns of post-reaction CosMozN-Pr and CoMo-N-Pr/SBA-15. (a) wide-
angle PXRD and (b) SAXS patterns

Figure 10-a shows the PXRD patterns recorded in the wide-angle domain, for the post-reaction
CoMo-N/SBA-15 samples. After 10 h of reaction, no well-defined peaks related crystalline
CosMosN are detected denoting the stability of the CosMozN phase formed under ammonia
synthesis conditions. Indeed, the small broad peak observed at 26 ~ 43° might be related to the
presence of nitride phase, crystallizing at the nanoscale level or that remain not crystallized.
SAXS patterns collected at low angle domain shows the typical diffraction peaks related to the
(100), (110), and (200) planes of the p6mm hexagonal SBA-15 symmetry structure showing
that the support maintained its uniform pore structure under ammonia synthesis conditions

(Figure 10-b). The N2 adsorption/desorption isotherms of CoMo-N-Pr/SBA-15 samples are
163



presented in Figure 11. After the catalytic reaction, the 10-CoMo-N-Pr/SBA-15 and 20-CoMo-
N-Pr/SBA-15 catalysts maintained their isotherms of type 1V with a hysteresis loop of type H1,

characteristic of highly ordered structures with uniform disposition of cylindrical pore.

Furthermore, only minor changes in the surface area and pore volume are observed between the

post-ammonolysis and post-reaction catalyst, thus showing the good textural and structural

stability of CoMo-based nitrides when supported on SBA-15. However, the 30-CoMo-N-

Pr/SBA-15 showed a more pronounced surface reduction (285 to 213 m?gt) which might be

related to structural collapse or eventually minor sintering of nitride particles occurring on

external surface of silica grains.
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Figure 11 (a) N2 adsorption—desorption isotherms and (b) pore size distribution of post-reaction
N-Pr/SBA-15 and CoMo-N-Pr/SBA-15 catalysts.
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V1.3.6 Discussion

In the literature, the high catalytic activity of CozMosN in ammonia synthesis has been
correlated to the presence of active crystallographic faces that contains both Co and Mo
components resulting in optimal binding energy with No. Initially, the role of nitrogen was
believed to be limited to the creation of the appropriate surface termination planes (111).
However, experimental work, enhanced by DFT-calculation, highlighted that CosMosN might
operate via the Mars-van Krevelen mechanism in which the lattice nitrogen in metal nitrides
being the active species in ammonia synthesis. In this mechanism, lattice nitrogen is directly
hydrogenated yielding ammonia and nitrogen lattice vacancy [43]. The nitrogen vacancy can
afterwards activate molecular nitrogen to regenerates the active site. Furthermore, Zeinalipour-
Yazdi et al. demonstrated via DFT computational study that CozsMosN contains a high
concentration of nitrogen vacancies (1.6 x 10'° to 3.7 x 10® cm) that can adsorb and activate
N2 in conditions relevant to ammonia synthesis. Furthermore, Tsuji et al. reported enhanced
catalytic activity of Co-Mo nanoparticles when supported on CeO». The better performance of
Co-Mo/CeO: catalyst was explained on the basis of nitrogen vacancies more easily stabilized
in the Co-Mo nanoparticles than in bulky CosMosN crystals [25]. In this context, the generation
of cobalt molybdenum nanoparticles is of high interest due to its high surface area to volume
ratio and the high proportion of accessible surface atoms. In the current investigation, the XPS
study indicates a close surface composition of the CoMo-N/SBA-15 to CozMosN. However,
strong disparities exist between CosMosN and CoMo-N/SBA-15 in terms of structural and
textural properties. For instance, all the catalysts showed high surface area with respect to the
unsupported CosMosN catalyst (up to 10 times higher). Furthermore, no XRD diffraction peaks
where observed at high angle domain confirming the high dispersion of the active phase in
SBA-15 structure. These finding are supported with TEM which reveals the formation of cobalt
molybdenum nanoparticles stabilized within the mesopores of SBA-15. As demonstrated from
the catalytic activity measurement, CoMo-N/SBA-15 displays an intrinsically high catalytic
activity towards ammonia production (10-CoMo-N/SBA-15: 1714 pumol g active phase - h™%, 20-
CoMo-N/SBA-15: umol g active phase > L, and 30-CoMo-N/SBA-15: 810 pumol g active phase * h™)
when compared to the unsupported catalyst (298 umol g* ht). The increase in reaction rates is
seemingly consistent with the increase in accessible surface area and crystal size reduction
observed by S/TEM. A parallel can be established with oxides (e.g. perovskite, hexaaluminate)
operating via MvK mechanism, where previous studies, demonstrated an important increase in

oxygen mobility with the decrease in crystal size leading to enhanced catalytic activities [44].
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Furthermore, the mobility of lattice nitrogen and its reactivity in 10-CoMo-N/SBA-15 was
confirmed under reducing conditions using 60 mL min* flow of 5 vol.% H,: Ar. Upon reaction,
ammonia production in the absence of dinitrogen, was confirmed at 400°C (Figure S9). Thus,
the amount of ammonia produced can be directly linked to lattice nitrogen reacting with
hydrogen. The process however, occurs in two steps, the first step suggesting the reduction of
CosMosN nanoparticle into CosMosN as seen in the literature [45], followed by a second step
transforming the reduced nitride into intermetallic phase. This mechanism is supported PXRD
and HRTEM images coupled with EDS and FFT performed over post-reaction 10-CoMo-
N/SBA-15 sample with evidence of formation of the intermetallic Mo 25C06.75 phase (PDF
number: 04-018-9512) (Figure S10 and Table S4). The reduction process in the supported
nitrides resulted in the formation of Mos25C06.75 intermetallic phase, whereas unsupported
CozMosN was only reported to reduce to the CosMogN, which might suggest that the lattice
nitrogen mobility and reactivity is crystallite size dependent. This would be consistent with the
improved catalytic activity of CoMo-N/SBA-15 catalysts operating via MvK mechanism. It is
also noteworthy, that beyond the improvement of nitrogen mobility in nanoparticles, given the
structure-sensitivity of ammonia synthesis reaction, the performance of CoMo-N/SBA-15
could also results from an increase the high proportion of accessible surface atoms and/or

increases in steps and nitrogen defects in the surface.

V1.4 Conclusion

In summary, SBA-15 was found to be a robust support for ammonia synthesis reaction
displaying good thermal and chemical stability under ammonolysis and ammonia synthesis
reaction conditions. CoMo-N/SBA-15, with different loadings, was successfully prepared by
two consecutive impregnation steps. The results of characterization demonstrate a high
dispersion of metal nitrides within SBA-15 resulting in improved textural and structural
properties. Although, changes in the local Si environment due to the formation of silyl-amine
sites were evidenced by 2°Si and *H NMR upon ammonolysis, SBA-15 was found to be stable
enough to maintain an ordered porous structure and high surface area ~504 m? g* for catalytic
application. XPS analysis revealed that the surface composition of CoMo-N/SBA-15 catalysts
is similar to the non-supported CosMosN which is a paramount condition to develop high
catalytic activity for ammonia synthesis. Because of their structural properties, i.e. a reduced
crystal size and a high level of dispersion for the nitride phase, all CoMo-N/SBA-15 (10, 20
and 30 wt.%) displayed enhanced catalytic activity in ammonia synthesis (1714, 1429 and 810

MOl Qaciive phase - h™* respectively) with respect to the CosMosN catalyst (298 pmol geatayst L hL).
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The lattice nitrogen mobility and reactivity towards hydrogen in the supported CoMo-N/SBA-
15 was also demonstrated under reducing condition, in the absence of dinitrogen, which
indicative of ammonia synthesis occurring via mechanism similar to MvK. The enhanced
catalytic activity originates probably from improving nitrogen mobility and/or alteration of the
surface composition (e.g. vacancies concentrations, surface termination). The results reported
in this work demonstrate that the performance of nitrides related catalyst can be greatly

improved upon improving their textural and structural properties.
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V1.6 Supplementary information

Figure S1 SAXS diffractogram of SBA-15 (a) after calcination, (b) after ammonolysis, and (c)
after ammonia synthesis reaction.
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Figure S2 N> adsorption/desorption isotherms and pore size distribution of SBA-15. (a) after

calcination, (b) N/SBA-15: after ammonolysis, and (c) N-Pr/SBA-15: post-reaction.
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Figure S3 Representatives HAADF micrgraph of N/SBA-15 coupled with EDS for chemical

analysis
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Figure S4 Wide angle PXRD patterns of CoMoO4 and supported CoMo/SBA-15 with different

loading after the calcination step

For all the supported materials, a typical broad XRD peak of amorphous silica at 20 ~ 24° is
observed. In addition to the characteristic XRD signature of SBA-15, an XRD reflection peak
at 20 ~ 26° that can be attributed to CoMoOa4 phase is also detected for all CoMo/SBA-15
loadings (10, 20 and 30 wt.%). The low intensity of these peaks suggests that the CoMoO4
phase is well dispersed over the support. However, at high CoMo loading (30-CoMo/SBA-15),
additional XRD diffraction peaks appear at 20 ~ 31.3°, 36.8°, and 44.8°. These peaks are
characteristic of a Co3O4 spinel phase (PDF 35-0609) indicating phase segregation.
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Figure S6-a representatives HAADF-STEM micrograph of 10-CoMo-N/SBA15 coupled with
EDS for chemical analysis

& - ' E;'L_‘M £ L3 = *".' .
Figure S6-b representatives HAADF-STEM micrograph of 20-CoMo-N/SBA15 coupled with
EDS for chemical analysis
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Figure S6-c representatives HAADF-STEM micrograph of 30-CoMo-N/SBA15 coupled with
EDS for chemical analysis
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Table S1. Position of Mo peaks of unsupported and supported CoMo-N/SBA-15 at different

synthesis steps

Mo Peaks Surface Composition
Mo®* Mo®* Mo* Mo-N Mo Mo Mo*  Mo-N
3dsz,  3dszz 3dsz 3dsz 3ds 3dyz 3dse 3dae (%) (%) (%) (%)
CoMo0O4 232.50 235.60 - - - - - - 100 - - -
CosMoszN 23243 23557 231.00 234.14 229.70 232.84 228.23 231.37 38.64 535 2252 3349
CosMosN-PT* - - 229.35 23249 228.59 231.73 - 3282 67.18
10-CoMo/SBA-15 232.96 235.10 - - - - - - 100 - - -
10-CoMo-N/SBA-15 233.00 236.14 231.49 234.63 230.08 233.22 229.00 232.14 56.35 23.69 1177 8.19
10-CoMo-N/SBA-15* 232.74 235.88 231.00 234.14 229.70 232.84 228.38 23152 7.74 1232 30.58 49.36
20-CoMo/SBA-15 232.20 235.35 - - - - - - 100 - - -
20-CoMo-N/SBA-15 232,92 236.06 231.77 23491 230.1 233.24 229.00 232.14 59.27 2428 11.66 4.79
20-CoMo-N/SBA-15* 232.43 235.57 231.00 234.14 229.7 232.84 228.29 231.43 12.99 4.3 27.5 55.21
30-CoMo/SBA-15 232.13 235.27 - - - - - - 100 - - -
30-CoMo-N/SBA-15 233.00 236.40 231.10 234.24 229.92 233.06 229.0 23214 7421 1155 10.46 3.78
30-CoMo-N/SBA-15* 232.43 23557 231.00 234.14 229.7 232.84 22829 23143 1298 4.29 27.5 55.23

* catalyst subject to pre-treatment under reaction condition at 700°C for 2h in environmental XPS chamber before

analysis
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Table S2. Position of Co peaks of unsupported and supported CoMo nitride materials at each

synthesis step

Co peaks Surface composition
Co?* Co* Co* Co* Co-N Co-N Co-N Co? Co-N
2psz 2Ps2z 2Pz 2P32 2Pz 2Pz 2Pae (%) (%)
CoMoO4 781.20 783.00 786.79 791.19 - - - 100 -
CosMosN 780.71 782.51 786.30 790.70 778.30 781.30 783.30 81.58 18.43
CosMosN-PT* 778.88 781.88 783.88 100
10-CoMo/SBA-15 780.7 782.50 786.29 790.69 - - - 100 -
10-CoMo-N/SBA-15 781.20 783.0 786.79 791.19 778.60 781.60 783.60 97.25 2.75
10-CoMo-N/SBA-15* 780.30 782.10 785.89 790.29 778.26 781.26 783.26 50.2 49.8
20-CoMo/SBA-15 780.7 782.50 786.29 790.69 - - - 100 -
20-CoMo-N/SBA-15 781.20 783.0 786.79 791.19 778.15 781.15 783.15 97.49 2.51
20-CoMo-N/SBA-15* 780.30 782.10 785.89 790.29 778.39 781.39 783.39 44.62 55.38
30-CoMo/SBA-15 780.1 7819 785.69 790.09 - - - 57.99** -
30-CoMo-N/SBA-15 781.20 783.0 786.79 791.19 778.60 781.60 783.60 94.39 5.61
30-CoMo-N/SBA-15* 780.30 782.10 785.89 790.29 778.13 781.13 783.13 24.12 75.88

* catalyst subject to pre-treatment under reaction condition at 700°C for 2h in environmental XPS chamber before

analysis

** 42.0% of the surface composition of Co was in the form of Co304
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Table S3. Reducibility of CoMo/SBA-15

H2 consumption

(mmol/g)

13.72

10-CoMo/SBA-15

2.18

20-CoMo/SBA-15

2.95

30-CoMo/SBA-15

5.05

Table S4. d spacing and corresponding hkl planes observed by TEM coupled with FFT on 10-CoMo-
N/SBA-15 upon 48 h of reaction with 60 mL.min of a 5% H,/Ar mixture at 400°C and ambient pressure

d- spacing (A)

d- spacing (A)

observed standard* 20 fix (kD
2.38 2.3880 37.637 811 (110)
2.30 2.30028 39.130 7 (113)
2.03 2.03408 44.506 462 (0111)
1.90 1.91857 47.344 293 (205)
1.20 1.19400 80.353 177 (220)

* intermetallic Mg 25C06.75 (PDF number: 04-018-9512)
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Figure S8 Representative HAADF-STEM micrographs of CosMosN coupled with EDS for
elemental analysis (Light blue: O ; Green: Co ; Yellow: N ; Red: Mo)
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Figure S9 Ammonia production rate of 10-CoMo-N/SBA-15 reacted with 60 mL.min™ of a

5% Ha/Ar mixture at 400°C and ambient pressure
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Figure S10 Post-reaction catalyst 10-CoMo-N/SBA-15 after 48 h of reaction with 60 mL.min
! of a 5% H2/Ar mixture at 400°C and ambient pressure (a) XRD pattern (b) FFT image
indicating the (1 1 0) plane (c) HAADF image coupled with EDS
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VII. Chapter VI: MXenes for ammonia synthesis
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VII.1 Introduction

The performance of ammonia synthesis catalysts and the reaction mechanisms are dictated
by the complex interaction of the catalyst surface with reactants (N2 and H>), intermediates
species (NHx) and reaction products (NH3) [5-8]. As such, modulating the electronic states of
the active sites either by (i) doping with elements with strong electron donation properties such
as alkaline or alkaline earth materials, (ii) allowing with transition metal and/or (ii) by
controlling support-active site interaction is of paramount importance to improve the catalytic
activity and stability at lower temperature. Co-based catalysts serve as excellent examples of
how fine-tuning the properties of the active sites can lead to a notable improvement in the
performance of ammonia synthesis. Undoped and unsupported Co does not exhibit a significant
catalytic activity in ammonia synthesis due to the limited affinity of cobalt to N2 (small
adsorption energy) [5, 9]. Combining Co with various transition metals (i.e. Mo, Fe, Re) was
one of the first strategies to modulate the catalytic performance in ammonia synthesis [10-13].
Among these combinations, the association of Co with Mo in CosMosN resulted in substantial
increases in ammonia synthesis when compared to the activity expressed by individual
components (ammonia synthesis rate of 330 - 652 umol h™! g at 400 °C and atmospheric
pressure, WHSV 9 000 mL g* h 1) [14, 15]. The high catalytic activity of CosMosN was
previously explained as results of Co and Mo being both present in the termination plan (111)
which lead to an optimal N-binding energy [5]. However, new insight from DFT calculations
and N/“N isotopic exchange studies have highlighted the potential role of nitride lattice
nitrogen in ammonia synthesis via routes akin to the Mars-van Krevelen (MvK) mechanism
[16-18]. Promoting the catalytic activity of Co throughout doping with alkaline earth metals
such as Ba and La has also been reported as an effective strategy. For instance, the addition of
Ba to carbon-supported cobalt catalyst was found to strongly promote the catalytic activity with
respect to non-promoted Co/C catalyst by more than 2 orders of magnitude [19, 20]. A strong
decrease in the apparent activation energy from 149 to 102 kJ mol™* upon Ba doping was
reported.'® A similar promotional effect of BaO on cobalt nanoparticles, supported on MgO,
has been reported by Sato et al. [21] The activation of the N=N, which is the rate-determining
step in the synthesis of ammonia conventionally, was found to be facilitated by strong electron
donation from BaO to surface Co atoms. The utilization of non-oxidic form of Ba such as
barium hydride (BaH) proved to be as well a very efficient route for promoting the catalytic
activity of Co at low temperature [22]. In this case, BaH2> was suggested to play an active role

in ammonia synthesis, as a second active center, rather than electronic or structural promoter.
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The results of the kinetic studies implied that the presence of BaH: strongly affect the reaction
mechanism and possibly shift the rate determining step from N2 dissociation to other steps [22].
Similar to BaH., LiH was found to act as a second catalytic sites resulting an improved catalytic
activity of Co [23]. The effect of support has been also evidenced in tuning the catalytic
properties of Co. Interestingly, electride based-supports characterized by strong electron
donation properties and low work function (2.4 eV), enhanced drastically the catalytic activity
of Co.[24] Co/2Ca0-7Al,0s displayed low apparent activation energy ~ 50 kJ mol?! and
ammonia generation was detected at temperatures as low as 200°C. Likewise, the effect of
different supports such as CeO», BaTiOzxHx, BaCeOsxNyH;, Ba-Ca(NH>). in modulating the
electronic state of Co favourably to promote ammonia synthesis has been studied in the
literature.;2s277 These results clearly demonstrate the importance of modulating cobalt
electronic states, through electron transfer from dopants and/or support, leading to high catalytic
activity at low temperature. While supporting cobalt on emerging materials such as electrides,
hydrides, amides, nitrides, and oxynitrides holds great promise for developing alternative
industrial catalysts to H-B and Kellogg processes, there are challenges related to (i) scalability
of synthesis method and (ii) reactivity under ambient conditions that must be addressed before
successful implementation.

In this context, MXenes, a novel 2D family of transition metal carbides, nitrides and
carbonitrides, have driven much interest as promising supports due to their unique properties
including superior electronic conductivity, high specific surface area, high mechanical stability,
hydrophilic properties and ability to accommodate various ions/molecules between their layers
[28, 29]. The chemical structure of 2D MXene is Mn+1XnTx (n=1, 2, 3, 4) where M represents
an early transition metal (Mo, V, Ti, W, Nb, etc.), X is a carbon and/or nitrogen atom and Ty,
the surface-terminating functional group (-O, -OH, -F). MXene offers a high degree of
flexibility in terms of tailoring its chemical composition, which can be achieved through the
appropriate selection of transition metal and/or surface terminations. The malleability of
MXenes chemical compositions permits a precise adjustment of the density of states [30] and
work function [31], making MXene a versatile material with a range of potential applications.
Furthermore, the presence of functional groups on the surface of MXenes has been reported to
facilitate the adsorption of metal precursors via electrostatic interactions, making them ideal
anchors for active catalytic sites. With this unique and modular surface chemistry, as well as
recent advances in scalable synthesis routes [32], MXene has the potential to be utilized as a
catalyst or as a support for various catalytic reactions. Despite its appealing features, the use of

MXene in heterogeneous catalysis is still limited to only a few examples in the literature.
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In this work, we report the performance of a post-synthesis modified 2D MXene (M02CTy)
by cobalt in catalytic ammonia synthesis. The post-functionalization of MXene by Co resulted
in materials that are active at temperature as low as 250°C. Interestingly, Co decorated MXene
were found to be active without any pretreatment required. X-Co-Mo.CTx catalysts were found
to be highly active for ammonia synthesis, where at steady state conditions a rate of 9499 and
4380 pmol gt active phase Nt is obtained over the 5-Conit-M02CTx and 1-Conit-M0,CTx at 400 °C
respectively. Furthermore, these catalysts demonstrated catalytic activity in ammonia synthesis

at temperature as low as 250°C.

VII.2 Experimental Procedure

VI1l1.2.1 Catalyst Preparation

Chemicals. All chemicals needed for the preparation of Mo.CTx and its corresponding
decorated Co-Mo2CTx were used with no further purification: Molybdenum Carbide (Mo.C -
325 mesh, 99.5 % Alfa Aesar), Gallium metal (Ga, 99.9%, Alfa Aesar), cobalt nitrate
hexahydrate (Co(NOs)..6H20, 98 wt.%, Sigma Aldrich), cobalt chloride hexahydrate
(CoCl2.6H20, 98%, Sigma Aldrich), hydrofluoric acid (HF, 50%, Sigma-Aldrich) and
hydrochloric acid (HCI, 69%, Sigma-Aldrich).

Preparation of pseudo- MAX phase Mo02Ga2C . Mo,Ga,C was synthesized following a
modified synthesis procedure the literature by Hu et al.[33] In short, M02Ga.C was prepared by
heating under vacuum of a mixture of Mo>C powder and Gallium metal in appropriate ratios
for 15 days at 850 °C. After furnace cooling, the resulting powder was immersed in a

concentrated HCI solution overnight to dissolve any residual Ga and Ga;Os.

Preparation of Multilayer Mo2CTx. M02CTx was synthesized by selectively etching Ga of
MAX phase M02Ga2C using 10 mL of 50 wt.% of HF per 1g of MAX phase at 55°C and for a
duration of 4 days. The resulting multilayer MXene was then thoroughly washed until reaching
neutral pH, and dried overnight under vacuum to obtained Mo>CTx multilayer.

Decoration of Multilayer Mo2CTx by Co. A series of X-Co-Mo2CTx catalysts were prepared
by post-synthesis modification of Mo,CTx surface by Co?*. In this approach, appropriate
amount of cobalt precursor was first dissolved in 1 mL of deionized water. Upon sonication,

1 g of MXene (M0.CTx) was added to the mixture which was then aged in a desiccator for 4
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days. The resulting material was then calcined under argon at 350 °C (1.5 °C min™) to obtain
X-Co-Mo0,CTx.

N.B. Herein, the samples obtained after the calcination step are denoted as X-Coy-Mo02CTx ,X
representing the weight percentage of Co, while y represents the cobalt precursor (Nit-nitrate;
Chl-chloride) whereas the post reaction samples are denoted as X-Coy-Mo02CTx- PR.

VII1.2.2Physical and textural characterizations

In this article, the following characterization techniques were used: XRD, SEM, XPS, TEM, ,
CHN, EPR and TGA. For more information regarding the characterization techniques, please
refer to Chapter 2 for all details

VII.2.3 Catalytic activity.

Catalytic tests are conducted in a tubular reactor, operated at atmospheric pressure. In a typical
reaction test, 0.4 g of catalyst was placed tubular quartz reactor under a 75 vol.% H>/N2 (BOC,
99.98 %) gas mixture at a total gas flow of 60 mL min~. The reaction was performed at 400
°C, without any pretreatment (ammonolysis or high temperature nitridation) under the same
flow rate of 75 vol.% H2:N2>. Ammonia production was determined by measurement of the
decrease in conductivity of a 200 mL 0.0018 M H2SO4 solution through which the reactor
effluent stream flowed and was monitored as a function of reaction time. Reaction at 400°C is
conducted to reach stationary regime, before temperature is decreased by steps of 50°C until no
significant ammonia production is measured. For each temperature, reaction is conducted for

at least 20 h to ensure obtaining a stationary regime.

VIL3 Results and Discussion

VI11.3.1Synthesis and characterisation of Mo,CTx MXene support

Multilayared Co-Mo,CTx catalysts where prepared by post-modification of MXene phase
(Mo02CTy). First the parent MAX phase (M02Ga,C) was prepared by reaction of Mo.C powder
and metallic gallium (15 days at 850 °C). The formation of MAX phase was confirmed by
PXRD results (Figure 1-a). Upon Ga removal by etching, the PXRD showed that the (002) peak
shifted to lower 26 from ~ 9.8° to 8.1° corresponding to the modification of the interlayer

spacing and formation of the MXene phase. However, a remnant of (002) peak at 9.8° was still

193



visible in the multilayer diffractogram indicating the presence of a fraction of unetched MAX
phase alongside the MXene phase. The typical accordion-like structure was confirmed by SEM
suggesting the successful exfoliation of individual MXene sheets. (Figure 1-d). High angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) showing the
(001) surface of Mo2CTx is presented in Figure 1-e where the bright dots correspond to heavier
Mo atoms compared to C atoms. The chemical composition was investigated by means of
energy dispersive spectroscopy (EDS) elemental mapping showing a homogenous distribution
of Mo atoms along some Ga from the parent material (Figure 1-f). Proper etching was
confirmed in the high resolution XPS spectrum of the Ga 2p that only shows very low intensity
Ga related peaks with less than 2.7 at.% with respect to the parent material. Thermogravimetric
analysis was also conducted on Mo.CTyx multilayer (Figure S1) in order to investigate its
thermal stability for high temperature reactions. Only 0.7 wt.% weight loss, correlated to water

desorption and some surface terminations, was reported reaching 450 °C, confirming that

Mo2CTx multilayer is thermally stable for reaction at 400 °C.

The identity of Mo species in Mo2CTx was investigated by XPS (Figure 1-b, Table S1). The
spectral decomposition of the high-resolution Mo 3d region can be ascribed to Mo®*, Mo®",
Mo**, Mo?" and Tx-Mo-C species. The major contribution is related to the presence of C-Mo-
Tx (41.5 wt.%) with lines corresponding to Mo 3ds2 and Mo 3ds2 spin-orbit components at
229.4 and 232.6 eV respectively which are slightly higher than those reported for the parent
material Mo2Ga,C (228.1 and 231.3 eV) and for -Mo2C (Mo 3ds/2 binding energy of 228.4
eV).[34-36] The strong interaction of Mo-C with electronegative surface terminations (-OH, -
F,-O) might be the reasoning behind the observed shift to higher binding energy. Furthermore,
the 3d molybdenum spectra features the presence of oxidic molybdenum species (Mo®*, Mo®*
and Mo*") which is related to the partial oxidation of MXene surface during the synthesis

process and/or reactivity of the surface with ambient air during storage.

The presence of oxygen vacancies and Mo®* species in MoCTx MXene material was
investigated using electron paramagnetic resonance (Figure 1-c). The EPR spectrum was
composed of three distinct signals. The first was a strong anisotropic signal at gxy=1.93 and
0-=1.88, which was attributed to Mo®* species located in axial symmetry. The other two signals,
weaker in intensity, were associated with oxygen vacancies, located in the bulk and in the
surface. The latter signal had a g factor of 2.06 and was ascribed to the presence of oxo (O™)

species on the surface [37].
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Figure 1 Structural and textural characterizations of Mo2CTyx support: (2) PXRD pattern of the
parent MAX phase (Mo2Gazc) and the MXene phase (M0.CTy), (b) XPS spectra in the Mo 3d
region of Mo.CTy, (c) EPR spectra recorded prior and after ammonia synthesis reaction, (d)
Typical SEM image of Mo0.CTx displaying characteristic stacked layers with platelet
morphology; (e) Figure. High resolution HAADF images and the corresponding atomic
projection of the crystal lattice and fast Fourier transforms for the [001] zone axis (f)
Characteristic HAADF images and the corresponding STEM-EDS intensity maps for Mo-La
edge at 2.292 keV (green) and C-K at 0.277 keV (blue).
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VII.3.2Characterisation of Co-Mo,CTy catalysts

X-Co-Mo,CTy catalysts were prepared by post-synthesis modification of Mo.CTy surface by
Co?* at different loadings (1 and 5 wt.%). The integrity of the MXene structure, upon cobalt
impregnation was confirmed using SEM, TEM, and XRD (Figure 2, Figure 3 and Figure 4-a).

(120) § . a10)

Figure 2 Microscopy characterisation of 1-Conit-M02CTx catalyst: (a) Typical SEM image of
1-Conit-M02CTy displaying characteristics stacked layers with platelet morphology, (b) high-
resolution HAADF-STEM displaying (001) high-resolution HAADF-STEM of viewed along
the [001] axis, inset shows Fast Fourier Transform (FFT) pattern, and (c) Characteristic
HAADF images and the corresponding STEM-EDS intensity maps for Mo-L. edge at 2.292
keV (green), C-K at 0.277 keV (blue), Co-Ka at 6.926 keV (purple), O-K at 0.525 keV (red) of
1-Conit-M02CTy, (d) HAADF-STEM image showing 1-Coni-M02CTx MXene layers.

In Figure 2, the accordion-like structure of MXene multilayers is retained for 1-Conit-Mo02CTx
a with minor unetched MAX phase (Figure 2 and Figure 3). STEM-EDS demonstrates the high
dispersion of Co species within Mo2CTy. (Figure 2-c). At high cobalt loading, 5-Conit-M02CTy,
showed an amorphous layer of cobalt oxides enveloping Mo2CTx phase (Figure 3-a). However,
the typical accordion morphology distinctive of MXene multilayers was maintained at high

cobalt loading. PXRD was performed to further study the phase transformation upon cobalt
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impregnation (Figure 4-a). In all of the samples, both (002) diffraction peaks corresponding to
the unetched MAX phase M02Ga>C (20 ~ 9.79° ; d ~9.03 A) and MXene MoCTx (20 ~ 8.21°;
d ~10.76 A) are present. However, due to the changes in plane orientation of 2D materials (z =

0), the intensity of the (00I) peaks decrease significantly after cobalt incorporation.

Figure 3 Microscopy characterisation of 5-Coni-M02CTx catalyst: (a) SEM image of 5-Conit-
Mo2CTy displaying characteristics stacked layers with platelet morphology covered by external
cobalt phase, (b) high-resolution HAADF-STEM displaying high-resolution HAADF-STEM
of view along the [301] axis, Inset shows fast Fourier transform (FFT) pattern, (c) HAADF
images and the corresponding STEM-EDS intensity maps for Mo-La edge at 2.292 keV (green),
C-K at 0.277 keV (blue), Co-Ka at 6.926 keV (purple), O-K at 0.525 keV (red) of 5-Conit -
Mo2CTy, (d) HAADF-STEM image showing 5-Conir-M02CTx MXene layers.

The evolution of the surface properties, i.e. chemical composition and oxidation states of Co
and Mo in X-Co-Mo2CTyx, were investigated using X-ray photoelectron spectroscopy (Figure
4, Table S2, Table S3). Upon Co impregnation, the concentration of functionalized C-Mo-Tx
species decreased quasi-linearly with the weight percentage of Co. This observation suggests

that these species may be involved in anchoring Co species to MXene surface [38, 39]. The

introduction of 5 wt.% of Co, 5-Conit-M02CTyx, favoured the oxidation of Mo species resulting
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in an increase in the concentration of Mo** (Figure 4-d). The identity of Co species was also
probed by XPS (Figure 4-e). In the high-resolution Co 2p spectra, the position of the major
spectral line was found at 780.90 eV indicating an oxidation state of Co?* in both 1-Conit-
Mo2CTxand 5-Conit-M02CTx.

The effect of cobalt impregnation on the evolution of oxygen vacancies in 1-Conit-Mo2CTx and
the concentration of Mo®* was studied further using EPR (as shown in Figure 4-b and Figure 4-
c). The 1-Conit-M02CTx material was found to exhibit a significantly higher concentration of
oxygen vacancies compared to Mo2CTx (g ~ 2) [37]. In the case of 5-Conit-M02CTyx, a similar
EPR profile to Mo,CTx was observed, with three signals attributed to Mo®*, oxo species (O™)
at the surface, and oxygen vacancies. However, the signals were weaker compared to Mo2CTy,
with the concentration of Mo®" species being three time less than for the parent MXene phase.

In summary, it has been demonstrated that upon incorporation of Co species, the MXene
multilayer retained their initial morphology, with well dispersed Co?* species within the MXene

layers as seen in EDS and XPS
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Figure 4 PXRD and spectroscopic characterizations of 1-Conit-M02CTx and 5-Conit-M02CTx
catalysts: (a) PXRD pattern of 1-Coni-M02CTx and 5-Conit-M02CTx catalysts, (b) EPR spectra
of 1-Conit-M02CTyx recorded prior and after ammonia synthesis reaction, (c¢) EPR spectra of 5-
Conit-M02CTyx recorded prior and after ammonia synthesis reaction, (d) XPS spectra in the Mo
3d region of Mo2CTx of 1-Conit-M02CTyx and 5-Conit-M02CTx catalysts, (e) XPS spectra in the
Co 2p region of M0.CTx of 1-Conit-M02CTx and 5-Conit-M02CTx catalysts, (f) XPS spectra in
the O 1s region of Mo.CTx of 1-Conit-M02CTx and 5-Conit-M02CTx catalysts.
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VI11.3.3Catalytic activity in ammonia synthesis

The performance of MXene-based catalysts, namely Mo2CTyx, 1-Conit-M02CTx and 5-Conit-
Mo.CTx was evaluated for ammonia synthesis at ambient pressure. The reaction was conducted
under the following conditions: a flow rate of 60 mL min™* of 75 vol.% H2:N; and a weight
hourly space velocity (WHSV) of 9000 mL g™ h, with temperatures ranging from 250 to 400
°C without any pretreatment. To confirm catalytic stability over time, the reaction was carried
out using all active catalysts for at least 15 days. The results are presented in Figure 5, Figure
S2, and Table 1.
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Figure 5 (a) Temperature dependence of catalytic activity of Mo2CTy, 1-Conit-M02CTyand 5-
Conit-M02CTx in ammonia synthesis as function of temperatures, (b) Typical cumulative
ammonia yield obtained of 1-Coni-M02CTx catalyst, (c) Arrhenius plot obtained of 1-Conit-
Mo.CTx catalyst and (d) Arrhenius plot obtained of 5-Coni-M02CTx catalyst. Reaction
performed under 60 mL min™ flow rate of 75 vol.% Hx/N; at 400 °C and ambient pressure.
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Table 1. Summary of the catalytic activity of M0o2CTx, 1-Conit-M02CTx, 1-Cocn-M02CTx, and
5-Conit-M02CTy in ammonia synthesis

Ammonia Synthesis reaction* Ea

Rate (umol. geata™. h?t) Rate (umol. gcot.h1)
kJ/mol
400 °C 350°C 300°C 250°C 400°C 350°C 300°C 250°C

Mo2CTx 4.5 ND ND ND ND ND ND -

1-Cocni-M02CTx  11.02 ND ND ND 1102 ND ND ND -

1-Coni-M02CTx 9499 3290 954 06 9499 3290 954 60 74

5-Conit-M02CTx 219.01 70.85 29.75 5.78 4380 1417 595 1156 68

* ammonia synthesis reaction under 60 mL min~* of 75% Hz in N2 (BOC, 99.98 %) at 400 °C
and atmospheric pressure.

The catalytic activity of the non-doped multilayer Mo.CTyx was studied at 400 °C (Figure 5-a,
Table 1). The undecorated MXene phase demonstrated a limited catalytic activity over time.
Initially, the production of ammonia began at a slow rate and increased gradually, eventually
reaching a maximum rate of approximately 32.66 umol gear. th™* However, it was observed that
the material lacked stability, and the catalytic activity decreased gradually over time. After
being on stream for 100 hours at 400 °C, the catalytic activity was found to have decreased to
4.5 pmol gear.th™t which might be related to changes in the surface composition over time. Upon
cobalt doping, and under the same catalytic conditions, 1-Conit-M02CTy, displayed a higher
catalytic activity of ~ 94.99 pmol gear.*h™t with respect to Mo,CTx. However, steady state rate
was only attained after 25 h of reaction. Notably, once at steady state conditions, no sign of
deactivation was observed even after 200 h of reaction. Remarkably, 1-Coni-Mo2CTx displayed
catalytic activity at temperatures lower than 400°C. The ammonia synthesis rate at temperatures
of 350 and 300 °C was calculated to be ~32.90, and ~9.54 pmol gear. *h™ respectively. While
decreasing the reaction temperature resulted in a decline in the catalytic activity, initial
performance was restored upon increasing the temperature to 400°C with no induction time
observed (Figure 1-b). Astonishingly, the use of cobalt chloride as a precursor for the
preparation 1-Cocn-Mo2CTx led to poor catalytic activity (~ 11 pmol gear. th™ at 400 °C,
(WHSV 9000 mL g* h'l). The loss of catalytic activity might be related to chlorine poisoning.
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Increasing the loading of Co to 5 wt.% resulted in further increases in the catalytic activity (5-
Conit-M02CTx : ~ 219 pmol gear. th™t at 400 °C (WHSV 9000 mL gt h'l). In a similar manner
to 1-Conit-M02CTy, the steady state rate was only attained after an important induction time.
Despite its very low loading in Co, 5-Conit-M02CTy exhibits a close catalytic activity to the
CosMozN (248 pPmol geatatyst * ™Y, WHSV 24 000 mL g* ht).[40] However, unlike CosMosN,
no ammonolysis step or pre-activation step is needed for 5-Conir-Mo02CTx. Moreover, the
increase in the cobalt load ameliorated significantly the performance of 5-Conit-M02CTx
allowing it to remain active at temperatures as low as 250°C. The ammonia synthesis rate at
temperatures of 250, 300 and 350 °C was calculated to be approximately 5.78, 29.75, 70.85
umol gear. *h™ respectively. 5-Coni-Mo02CTx showed no sign of deactivation even after 360 h

under stream.

The effect of MXenes on significantly ameliorating the performance of Co in ammonia
synthesis at low temperature and its stability is evident, as Co on its own does not display any
good catalytic activity. This effect becomes more apparent when ammonia synthesis rate is
normalized with respect to the active phase loading (wt.% of Co). For instance, at steady state
conditions a rate of 9499, 3290 and 945 pmolg™ active phase h™* is obtained over the 1-Conit-
Mo.CTx at 400, 350, and 300 °C respectively. A gradual decrease is however observed while
increasing the cobalt loading to 5 wt.%. Thus, the ammonia synthesis rate decreased to 4380,
1417 and 595 pmolg? active phase ™ at 400, 350 and 300 °C. However, 5-Coni-Mo2CTx displayed
ameliorated catalytic activity at lower temperature ~ 250°C when compared against the 1-Conit-
Mo.CTx. It was also observed that excess cobalt did not result in a linear increase in catalytic
activity and actually had a negative impact on the normalized rate per gram of active phase.
From these results, it can be inferred that not all of the introduced cobalt is active, and only a
portion of cobalt is in direct interaction with MXene layers, contributing to the catalytic activity

in ammonia synthesis.

The apparent activation energy (Ea) derived from Arrhenius plot was calculated to be
approximately 74 and 68 kJ mol™ for 1-Coni-M02CTx and 5-Coni-Mo.CTx respectively. These
values are in par with the activation energies reported for some of the highest active catalyst
such Li-MT, MnsN-BaH, Ru/C12A7:e", BaTiO2s5Hos [23, 41] [42, 43] which are in the range
of 40 — 70 kJ mol™* which is generally considered low for ammonia synthesis. In comparison,
standard Ru-based catalysts have activation energies in the range of 80 — 130 kJ mol?,

indicating that cobalt decorated MXene displays reasonably low activation energy [44].
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However, caution should be exercised when comparing Ea of different catalysts, as reaction

condition can vary and affect the observed activation energies.

In summary, cobalt decorated MXene could be a promising candidate for the development of a
novel generation of catalysts capable of operating at low temperature while coping with

intermittent reactions conditions.

VI1.3.4 Investigation of Co-decorated MXene Phase and Structure Evolution during Ammonia
Synthesis Conditions

The role of cobalt in inducing ammonia catalytic activity in MXene based support has been
studied by comparing the performance of 1-Conit-M02CTx, and 5-Conit-M02CTx catalyst against
the parent material MoCTy. It is quite evident that in absence of Co, the bare MXene phase
displayed poor catalytic activity and stability in stream. However, the catalytic activity of Co-
decorated MXenes displayed an induction time during which the activity gradually increases
before stabilizing at a steady-state level. This induction time suggests that the material
undergoes structural and/or surface changes, resulting in the formation of the active phase. This
aspect was investigated further to gain a better understanding of the nature of the active phase.
Figure 6 displays selected microscopic observations of post-reaction catalysts, namely 1-Conit-
Mo2CTx-PR and 5-Conit-M02CTx-PR using SEM and HAADF-STEM. These catalysts were
subjected to high reaction temperatures of up to 400 °C for extended periods (Figure 5-b and
Figure S2). Interestingly, all the catalyst, including the parent material M0.CTy, exhibited stable
multilayers that retained their accordion-like structure despite the presence of some fractures.
(Figure 6-a and Figure 6-c). Furthermore, STEM-EDS showed that both catalysts maintained a
high dispersion of Co species within Mo>CTx (Figure 6-b and Figure 6-d). Upon reaction, the
gross morphology is similar for all the materials tested. Therefore, there is compelling evidence
suggesting that the differences in catalytic performance cannot be attributed to differences in
morphology, and instead, it may be due to the variation in composition/surface composition
during reaction. In fact, careful analysis of STEM-EDS analysis revealed that the surface is now
populated with N adatoms upon reaction (Figure 6) in the case of 1-Conit-M02CTx—PR and 5-
Conit -M02CTx—PR. The inclusion of nitrogen in post-reaction sample, Table S4, was further
confirmed by elemental analysis (0.48 wt.% in 1-Conit-M02CTx—PR and 0.84 wt.% in 5-Conit-
Mo.CTx —PR). Interestingly, no significant amount of N was detected in 1-Cocnh-M02CTx—PR

and Mo2CTx-PR which are both inactive in ammonia synthesis.
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Figure 6 Microscopy characterisations of 1-Conit -M02CTx-PR and 5-Conit -M02CTx-PR post-
reaction catalyst. (a) SEM image of 1-Conit -M02CTx-PR, (b) Characteristic HAADF images
and the corresponding STEM-EDS of 5-Conit -M02CTx-PR. () SEM image of 5-Conit -
Mo2CTx-PR and (d) Characteristic HAADF images and the corresponding STEM-EDS of 1-
Conit -M0o2CTx-PR.

To gain insight on the evolution of the surface chemical composition during the reaction, XPS
and EPR analysis were performed for the post reaction catalysts (Figure 7 and Table S1 and
S2).

Upon reaction, the Mo 3d XPS spectrum features strong variation of the concentration of Mo
oxidation state when compared to the as-prepared materials. In the Mo2CTx, most of Mo®* and
Mo®* species were reduced to Mo** upon reaction which was the predominant surface species
(73.34 wt.%). A decrease in C-Mo-Ty species, under reducing conditions, from 41.48 to 14.10
%.wt was also observed. Upon addition of cobalt, the distribution of Mo species in post reaction
catalysts 1-Conit -M02CTx-PR and 5-Conit -M02CTx-PR was found to be largely different than
Mo2CTx-PR. Remarkably, the addition of Co, stabilizes the fraction of C-Mo-Tx species in 1-
Conit -M02CTx-PR which even slightly increased from 30.81 to 58.90 wt.%. The effect of cobalt

on the concentration of C-Mo-Tx was more pronounced in 5-Conit -M02CTx-PR resulting in an
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increase from 2.33 to 60.33 wt.% (Table S1). To elucidate this behaviour, further insights can
be obtained from the high-resolution Mo 3p spectra, which also allows the observation of N 1s
(Figure 7-a). The deconvolution of 1-Conit -M02CTx-PR and 5-Conit -M02CTx-PR high
resolution Mo 3p spectra show the presence of an additional peak observed at ~ 397.6+ 0.1eV
which corresponds to N 1s peak. The position of the peak is very comparable to N 1s observed
in molybdenum nitride phases such as in CosMosN (397,9 eV) and in Mo2N and MoN bulk
(397.8 eV) [45, 46] while NHx species possess binding energy at values close to ~ 400 eV [47].
This would be consistent with partial replacement of carbon with nitrogen in the MXene phase
under ammonia synthesis conditions. The nature of cobalt species in the post-reaction catalysts
was also probed using XPS. Upon reaction, a radical change in Co 2p XPS profiles was
observed. The spectral decomposition of Co 2p profiles showed a partial reduction of Co?" into
amore metallic state Co®. The position of the additional peak, related to the presence of a second
phase, was observed at 779.05 eV and at 778.16 eV in 1-Conit -M02CTx-PR and 5-Conit -
Mo.CTx-PR respectively. However, metallic cobalt is usually reported at 778.1 eV, while the
observed BE in 1-Conit-M02CTx-PR is slightly higher which might be due to strong interaction
of Co with MXene surface. It might also imply that the extra-cobalt present in the amorphous
layer enveloping the 5-Conit -M02CTx-PR phase is more prone to reduction under ammonia

synthesis conditions.

For more information regarding cobalt, EPR spectra of post-reaction catalysts were recorded
on a wider magnetic field range (Figure 7-c and Figure 7-d). As expected, under highly reducing
conditions, signals related to Mo>* and O™ species, present initially in Mo2CTy, disappeared.
Whereas a signal with a g factor of 2,0024 attributed oxygen has been detected in Mo2CTx. The
EPR spectra of 5-Conit -M02CTx-PR (Figure 7-d) was characterized by a very broad line
indicating ferromagnetic behaviour. The magnetic property of the catalyst, upon reaction,
reveals the presence of Co?'Ca® redox couple. The EPR spectra of the 1-Conit -M02CTx-PR
(Figure 7-c) was characterized by a broad line with a g factor of 2,15 can be attributed to low

spin Co?*.
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Figure 7 Spectroscopic characterizations of post-reaction catalysts Mo2CTx-PR, 1-Conit-
Mo2CTx-PR and 5-Conit-M02CTx-PR catalysts: (a) XPS spectra in the Mo 3d region of post-
reaction catalysts, (b) XPS spectra in the Co 2p region, (c) EPR spectra of 1-Conit-M02CTx-PR
and (d) EPR 5-Conit-M02CTx-PR catalysts

VIl.4 Conclusion

In this work, we introduce cobalt decorated MXenes as suitable heterogeneous catalysts for
ammonia synthesis at mild conditions. The results of thorough characterization demonstrate a
high dispersion of Co species within the 2D MXene (M0.CTx) multilayers and pinpoint its
stability during the reaction process. X-Co-Mo.CTx catalysts were found to be highly active for
ammonia synthesis, where at steady state conditions a rate of 9499 and 4380 pmol g
1 active phase N is obtained over the 5-Coni-M02CTx and 1-Conit-M0,CTx at 400 °C respectively.
Furthermore, these catalysts demonstrated catalytic activity in ammonia synthesis at
temperature as low as 250°C. Remarkably, no ammonolysis step and/or pre-treatment step were

required to activate X-Co-Mo0.CTx catalysts. However, an induction time, in which the activity

205



increased slowly, was observed. Post-reaction analysis revealed partial substitution of lattice
carbon nitrogen as well as partial reduction of Co?* during ammonia synthesis. However, the
carbon substitution by nitrogen is rather limited (Up to 0.84 wt%. 5-Co,, -Mo,CT)

Interestingly, replacement of C- by N- was only observed in the case of active materials for
ammonia synthesis and not in the case of non-decorated MXene (Mo2CTy). The catalytic
activity profiles, supported with post-reaction characterizations results, hint that the active site
is generated upon reaction and might be a cobalt decorated carbonitrides Co- Mo02C1-sNsTx.
Once reaching the steady state, activity was found to be stable upon recycling between low-
and high- temperature conditions with no induction time. The results reported in this work
demonstrate that Mo.CTy, upon appropriate modification resulted in a high-performance
ammonia synthesis catalyst capable of operating under mild reaction conditions and under

intermittent regime.
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Figure S1: Thermogravimetric analysis of M0o2CTx
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Table 1: Position of 3d Mo peaks of catalysts before and post reaction

Mo Peaks Surface Composition
MoS5* Mo®* Mo** Tx-Mo-C Mo-C Mo® Mo®* Mo* Tx- Mo-
Mo- C
C
3ds,  3ds2 3dsz  3ds2  3dse  3ds2  3dsz  3ds2 3dse 3dse () (%) (%) (%) (%)
Mo02CTx 233.2 236.3 2321 235.2 230.3 233.4 229.4 232.6 2283 2315 9.84 2529 95 4148 139
Mo2CTx-PR 233.0 236.1 231.7 234.8 230.7 233.8 228.7 2319 2280 231.2 0.88 239 7334 141 9.29

1-Cocni-M02CTx 233.2 236.4 231.7 2349 230.6 233.7 2295 2327 2284 2316 7.72 2502 6.1 481 13.04
1-Cochi-M02CTx -PR 233.3 236.4 231.7 234.8 229.7 232.8 2293 2325 228.4 2315 4.47 1489 243 6127 16.94

1-Conit -M02CTx 233.1 236.6 231.8 235.0 230.7 233.8 229.7 2329 2286 231.7 17.52 34.46 10.44 30.81 6.77
1-Conit-M02CTx -PR  233.1 236.2 231.7 234.8 230.7 233.8 229.3 2325 228.6 231.7 9.32 12.7 485 5890 14.22

5-Conit-M02CTx 232.8 2359 2325 2357 230.7 233.8 2293 2325 - - 472 971 8324 233 -
5-Conit -M0sCTx -PR - - 2323 2355 2307 2339 229.12 232.3 2286 231.7 - 27.46 1055 60.33 1.65
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Table S2: Position of 2p Co peaks of catalysts before and post reaction

Co peaks Surface composition
Co* Co* Co* Co* Co° Co° Co° Co* Co°
2p32  2p32 2p3;2 2p32 2p32 2p32 2p3n (%) (%)
1-Conit-Mo02CTx 780.90 782.70 786.49 790.89 - - - 100 -
1-Conit-Mo2CTx -PR 781.28 783.08 786.87 791.27 779.05 782.05 784.05 73.60 26.40
5-Conit-M02CTx 780.90 782.70 786.49 790.89 - - - 100 -
5-Conit-Mo02CTx -PR 780.42 782.22 786.01 790.41 778.16 781.16 783.16 81.05 18.95

214



Table S3: Position of 1s O peaks of catalysts before and post reaction

O Peaks Surface Composition

M-O Mo0,COx Mo0,C(OH)x H20.4s M-O Mo0,COx Mo02C(OH)x  H20.4s

1s 1s 1s 1s (%) (%) (%) (%)
Mo,CTx 530.30 530.90 532.12 533.44 30.85 29.64 23.96 15.56
Mo,CT,-PR 530.19 531.08 532.19 533.60 17.72 35.61 14.22 32.45
1-Cochi-Mo2CTx 530.30 530.93 532.40 533.60 14.01 39.05 22.06 24.87
1-Cocni-Mo,CTx -PR 530.30 531.03 532.40 533.60 14.58 37.37 15.82 32.23
1-Conit-M0,CTy 530.30 530.97 532.40 533.60 3.06 69.02 18.37 9.55
1-Conit-M0,CTy -PR 530.30 530.94 532.00 53345 4.89 57.21 26.98 10.95
5-Conit-Mo,CTy 529.97 530.90 533.35 532.33 13.08 68.77 11.77 6.38
5-Conit-M0,CTy -PR 530.11 530.90 533.60 532.00 20.88 49.12 21.15 8.86
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Figure S2: Typical cumulative ammonia yield obtained of 5-Conit-M02CTx catalyst.
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Table S4: Elemental Analysis (CHNS) on catalysts before and after reaction

(Wt.%) %C  %H %N
Mo,CT, 389 0105 O

Mo,CT,-PR 486 0026  0.04

1-Co_, -Mo,CT 52 0039 002

1-Co_ -Mo,CT -PR 517 0029  0.04

1-Co -Mo,CT, 509 0023 0.3

1-Co,,-Mo,CT_-PR 468 0028  0.48

5-Co,, -Mo,CT, 372 003 0.6

5-Co,,-Mo,CT -PR 343 0036  0.84

217



VIILI.

Conclusion

In this thesis, the development of novel Mo based catalysts for ammonia synthesis has been
investigated. After a high-level overview of the state of the art on the Haber-Bosch process and
the emerging alternative processes currently studied in scientific realm, the experimental work
of the PhD focused on molybdenum-based catalysts for heterogeneous catalyst processes,
discussed in a total of four chapters. In the first experimental section (Chapter 111 and 1V), the
effect of the support and the particle size of the active phase were investigated for Mo-N
nanoparticles on ceria, titania, alumina, silica, and mesoporous silica. In the following section
(Chapter V), the work progressed into ternary nitrides, namely CosMosN NPs, encapsulated in
mesoporous silica support. These more complex nitrides were stabilized on the channel-type
porosity of the silica, and they are shown to display high activity for ammonia synthesis
associated to an improved reactivity of nitrogen from the nitride. Finally, the last section
(Chapter VI) describes the synthesis, characterization, and activity of new Co decorated
molybdenum-based MXene multilayers. The results collected show the great potential of this
family of catalysts in heterogeneous catalysis, being able to work under mild conditions. Below

are the highlights concluded from the developments performed during the PhD:

— Applying dispersion strategy in Chapter 111, small molybdenum nanoparticles were
formed in both 10-Mo-N/SBA-15 (an amorphous mesostructured silica) and 10-Mo-
N/TiO2 catalysts. Although both samples exhibited ameliorated structural properties
(reduced crystal size) when compared to the bulk material, f-MozN, only 10-Mo-
N/SBA-15 was found to be active in ammonia synthesis (1208 pmol Qactive phase > h™%)
while 10-Mo-N/TiO2 only displayed a poor catalytic activity before completely
deactivating over time. The origin of Mo species deactivation in ammonia synthesis
when supported in TiO2 probably is associated to the strong interaction between surface
Mo species and the support. EPR results inform on the difference in
reduction/nitridation process between the two catalysts, that occurs through the
formation of Mo®* species when MoOx is supported over titania which is not the case in
MoOxy supported SBA-15 suggesting the formation of different Mo nitrides species.

— Always with the objective to understand the role of the support nature, the dispersion of
molybdenum nitrides was generalized over commercial silica, ceria and alumina

supports in Chapter 1V. It has been experimentally demonstrated that the identity of Mo

218



species generated during the activation process is significantly influenced by the type
of support utilized, leading to important variations in Mo species formed (Mo-N, Mo®*,
Mo>*, Mo**, Mo), and in turn in activity for the final material. In the case of 10-Mo-
N/CeO- the nitridation of molybdenum nanoparticles through the pretreatment at 700 °C
under 3:1 H2:N2 was rendered impossible due to high interaction between Mo surface
species and the support surface, and the support reducibility and its oxygen transfer
capability thus stabilizing MoOx species. In the case of 10-Mo-N/Al>Os3, as determined
by XPS, this sample displayed the highest concentration of Mo-N species but displayed
lower catalytic activity and poor stability as function of time, transpiring in a complete
deactivation after 10 h of reaction. The progressive formation of Alo(MoOa4)3 might be
also responsible of the deactivation of the catalyst (EPR). The activity of Mo-N species
is dependent on crystallographic phases formed (i.e. B-Mo2N and 6-MoN) and degree
of nitridation (-MoN) hinting that different Mo-N species can lead to different catalytic
activity.

From these first two experimental chapters, it was clearly demonstrated the important of the
support surface nature in generating balanced interaction with the Mo surface species
leading to an efficient Mo nitridation mechanism and final nitrides with different structural
characteristics (surface composition, and probably different surface termination, vacancies
concentrations). Also, it was clearly evidenced that the efficiency of the confining strategy
to control nitride crystal growth during activation treatment. Indeed, when compared to the
unsupported B-MozN (initial rate of 76 tmol Qeatayst - h™t), 10-Mo-N/SBA-15 catalyst (initial
rate of ~ 84,6 Mol geatalyst - h?) displayed a high catalytic activity while containing only 10
wt% of Mo. Under the same activation and catalytic conditions, 10-Mo-N/SiOz (initial rate
of ~ 33.7 umol geatanyst * 1) exhibited lower catalytic activity. When normalized against the
active phase loading, initial rates of ~ 1208 umol Qactive phase - h™ and ~ 481 pmol Gactive phase”
L h are obtained over 10-Mo-N/SBA-15 and 10-Mo-N/SiO..

— The next step, Chapter V, provided original results on the robustness of SBA-15 silica
support. Globally, SBA-15 support displays good thermal and chemical stability under
ammonolysis and ammonia synthesis reaction conditions. Although, changes in the
local Si environment due to the formation of silyl-amine sites were evidenced by 2°Si
and *H NMR upon ammonolysis, SBA-15 was found to be stable enough to maintain
an ordered porous structure and high surface area ~504 m?g?* for nitride phase

immobilization. Thereafter, CoMo-N/SBA-15, with different loadings, was
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successfully prepared by consecutive impregnation steps (Mo -> Co). The results of
characterization demonstrate a high dispersion of oxides, and thereafter metal nitrides
within SBA-15. Analysis revealed that the surface composition of CoMo-N phase, when
supported, retains comparable characteristic than non-supported CosMosN which is a
paramount condition to develop high catalytic activity. However, because of reduced
crystal size associated to a high level of dispersion, supported CoMo-N displayed
enhanced catalytic activity (up to 1714 pmol Qactive phase = h™) with respect to the
CosMosN catalyst (298 pmol geaiyst h). The excellent properties of supported
catalysts are associated to the enhanced lattice nitrogen mobility and reactivity towards
hydrogen in the supported materials, which is also indicative of ammonia synthesis
occurring through a mechanism akin to MvK. Therefore, these results pave the way to
the further development of N-chemical looping project.

— A final study, Chapter VI, we studied the capability of using MXenes type materials in
ammonia synthesis. These materials, evidenced to be particularly efficient in several
types of applications including electrocatalysis; where to date, only a handful of works
have used MXenes for heterogeneous thermocatalytic reactions. Then, in the frame of
collaboration, | spent 7 months at Drexel University (U.S.) in Prof. Yury Gogotsi’s lab
(DNI) to study the preparation of cobalt-doped M0o2CTx MXene multilayers (Co loading
1 wt.% and 5 wt.%). Characterization confirmed the diffusion of cobalt species in the
interlayer spacing that resulted in single site to cluster type Co morphology. Interesting,
with no ammonolysis or pretreatment, and at temperatures as low as 250 °C, some Co-
doped M02CTyx showed activity for ammonia synthesis. During reaction, the material
transforms. Co(ll) reduced into Co(0) and carbonitride MXene formed. Therefore,
considering the preliminary results collected, an important margin of progress could be
expected for the use of this family of material for ammonia synthesis.

Therefore, on the basis of this PhD contribution and to reach optimal catalysts, important future

research steps are needed:

— A big pressure gap exists between our research laboratory scale, and real-life process
scale. A step towards the right direction would be the testing of these catalysts at high

pressure ( ~ 10-50 bars for delocalized ammonia synthesis applications).
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— Several developments are feasible on the nitride phase in order to promote N-reactivity
from the solid phase. The Addition of suitable promoters (Cs, K, Li, Nb), or the
preparation of composites hydride-nitrite, can lead to promoted activity.

— Finally, moving past the conventional metals and nitrides, and exploring the properties
of less known structures such as MXenes is a way to discover breakthrough catalysts
overpassing the known catalysts and allowing to decrease the operating temperature and
pressure of the ammonia process that is mandatory to consider the development of

decentralized production units other than on a sheet of paper.

As Albert Einstein once said, “To raise new questions, new possibilities, to regard old
problems from a new angle, requires creative imagination and marks real advance in

science.”
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Finally, from this fundamental work are issued the following valorization :

- Scientific publications

A. Sfeir et al., “Switching On/Off molybdenum nitride catalytic activity in ammonia

synthesis through modulating metal support interaction,” Faraday Discuss., p., 2023, doi:

10.1039/D2FD00154C.

A. Sfeir et al., “Enhancing ammonia catalytic production over spatially confined

cobalt molybdenum nitride nanoparticles in SBA-15,” Appl. Catal. B Environ., vol. 325, no.

August 2022, 2023, doi: 10.1016/j.apcatb.2022.122319.

- Presentation in international and national symposium and congresses

YOURHETCAT2022: Oral Presentation entitled

“The effect of support nature on the nitridation of MoOs and its catalytic activity for
ammonia synthesis”

ROMCAT2022 : Oral Presentation entitled

“Ammonia synthesis through confined cobalt molybdenum nitrides nanoparticles in SBA-

15//
MATERIAUX2022: Oral Presentation entitled: “

“Enhanced performance of CoMo-N/SBA-15 for Ammonia Synthesis”
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