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“The greatest enemy of knowledge is not ignorance, it is the illusion of knowledge”.
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Abstract

Catalyst design for selective hydrogenations is of major importance for the manufacturing
of fine chemicals. This is based on industry demands in terms of high selectivity for the
implementation of sustainable processes. Traditional synthetic routes cannot be considered viable
any longer due to low overall product yields and associated environmental issues. Besides, the
cleaner catalytic procedure which uses scarce and expensive noble metals (such as Pd, Pt, Ru) is
very challenging in terms of exclusive attack of a single functionality or substituent. The approach
taken in this thesis is based on rational catalyst design that calls on a combination of catalyst
synthesis and characterization. The role of each component, from nano- to macroscale (active site
to structured support) of the catalyst is precisely identified allowing an increased catalytic
performance. This has been applied for the design of catalysts suitable for industrially relevant
reactions, i.e. the partial catalytic reduction of substituted nitroaromatic compounds and alkynes.

Molybdenum nitrides, which have received great attention for hydrotreatment activities were
selected as they represent a more sustainable alternative to noble metals, less expensive and easy
to prepare. Temperature programmed treatment was proved to be an effective preparation method
of tetragonal f— and cubic y~Mo2N, associated with significant hydrogen uptake ability. First,
P-MooN was used to catalyze the liquid phase selective hydrogenation of a series of para-
substituted nitroarenes to give the corresponding aromatic amine. The presence of electron-
withdrawing substituents on the aromatic ring served to increase the reaction rates, consistent with
a nucleophilic mechanism. Numerous instances reported gold as a metal well-suited for highly
selective hydrogenation reactions of nitroaromatic compounds. Incorporation of low amounts
(0.25% wt.) of Au nanoparticles on f—MooN enhanced hydrogen uptake and catalytic activity
while delivering an ultraselective response in the batch liquid phase hydrogenation of p-

chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN), selected as a model reaction where C-
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Cl bond cleavage can readily occur. A synergetic effect involving Au and Mo>N was demonstrated
by an appreciably greater activity exhibited by Au/MoxN relative to Au/Al>Os. In contrast, reaction
over Pd/AL20Os used as a benchmark resulted in combined hydrogenation and hydrodechlorination.

In a second step, the influence on the catalytic response of nitride crystallographic phase (/-
vs. y-Mo2N) and surface area (7-66 m? g'!) was examined. Both f-MoxN and y-Mo,N promoted
the exclusive hydrogenation of p-CNB to p-CAN where the f-form delivered a higher specific (per
m?) rate; the specific rate for »-Mo>N was independent of surface area. The inclusion of Au on
both nitrides served to enhance p-CAN production.

Finally, the catalytic effect of nitrogen incorporation into Mo has been evaluated by
preparing samples with different degree of nitridation. It was demonstrated that incorporation of
N did not affect morphology and each sample exhibited aggregates of crystals with similar BET
surface area. However, hydrogen chemisorption and release (by temperature programmed
desorption) increased with decreasing Mo/N ratio. By running catalytic tests for the nitrobenzene
hydrogenation, increased hydrogenation rates were observed on Mo;N samples with higher
nitrogen content, attributed to higher availability of surface heterolytic hydrogen on Mo-N. In
contrast, -C=0 hydrogenolysis was favored with benzaldehyde by homolytic hydrogen
chemisorption on Mo, as a result of lower N content. These results demonstrate that N
incorporation in Mo structure can control the performance of catalytic hydrogenation or
hydrogenolysis.

As a powerful tool for tailoring metal nanoparticle morphology, a colloidal method has been
used to design structured catalysts effective for the selective alkyne and —NO> group reduction.
The surface properties of Pd NPs were fine-tuned by (i) changing the nature of stabilizing agent
(electrostatic vs. steric), (i1) controlling Pd NPs size (2-10 nm) and (ii1) grafting N-containing
ligands onto the structured carbon nanofibers/sintered metal fibers (CNF/SMF) surface. In the
semi-hydrogenation of acetylene, the catalytic response was insensitive to the nature of the

reducing agent. Nevertheless, a strong inhibiting effect on hydrogenation rate was found when
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using an electrostatic stabilizer (vs. steric) explained on the basis of combined geometric and
electronic effects. Decreasing (from 8 — 2 nm) Pd nanoparticle size resulted in a concomitant
decrease in activity, but a higher selectivity to target ethylene product was observed. Grafting of
nitrogen-containing modifiers (polyvinylpyridine or polyethylenimine) on the CNF/SMF support
resulted in a significant increase in olefin selectivity (up to 93%) where the catalyst showed
remarkable stability during 120 h on-stream. This was attributed to the electronic modifications
(charge-transfer) promoted by interactions between the Pd nanocrystals and the grafted ligands as
confirmed by X-ray photospectroscopy (XPS) analysis. In comparison, stabilizer-free
Pd/CNF/SMF delivered low selectivity to ethylene (65%).

However, depending on the catalytic system, the organic ligand shell can be detrimental to
the activity/selectivity response. Monodispersed Ni nanocrystals (from 2 — 14 nm) were prepared
via colloidal method, stabilized using poly-N-vinyl-2-pyrrolidone (PVP) and tested in the m-
dinitrobenzene (m-DNB) hydrogenation. A 6-fold higher turnover frequency was recorded for
reaction over larger Ni ensembles. The influence of PVP was established where the initial TOF
and selectivity to m-nitroaniline (m-NAN) exhibited a marked dependency on the presence this
polymer. This response was attributed to preferential adsorption of PVP on selective edge and
vertex atoms, leaving the plane atoms free. Supporting the monodispersed (2 nm) Ni NPs on
activated carbon fibers (ACF) and removing traces of PVP by a UV-ozone treatment resulted in
an overall increase in selectivity to target m-NAN even at high conversions (up to 95% yield) .
Two-sites Langmuir-Hinshelwood kinetic model has been applied to rationalize the results and
found to be consistent with the experimental data. This work demonstrate the potential of ACF-
supported Ni as an effective catalyst formulation for the clean production of functionalized
anilines.

In summary, this thesis demonstrates the feasibility of industrially important hydrogenation
processes in both batch liquid and continuous gas phase operation. The product distribution can be

controlled on a nano-level by tuning the properties of the active phase through modifications of



the structural parameters (allotropic form, composition), modifications on the NP

microenvironment (organic ligand shell) and optimization of particle size.

Keywords: Selective hydrogenation, rational catalyst design, molybdenum nitrides, Pd, Ni,

structured carbon-based supports, nitroarenes, alkynes.
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Version abrégee

Le design de catalyseur pour les hydrogénations sélectives est d'une importance capitale pour
la confection de produits de chimie fine. Ceci est dii @ aux demandes industrielles en matiére de
haute sélectivité pour la mise en place de procédés durables. En raison de faibles rendements
globaux et des problémes environnementaux qui en découlent, les voies de synthése traditionnelles
ne peuvent plus étre considérées comme viables. Par ailleurs, les procédés catalytiques plus
propres, qui utilisent des ressources peu abondantes et couteuses en métaux nobles (tels que le Pd,
Pt, Ru) représentent un défi particulier vis-a-vis d'une attaque exclusive d'une seule fonctionnalité
ou substituent. L'approche adoptée dans cette thése se base sur une conception rationnelle du
catalyseur qui fait appel a une combinaison multidisciplinaire de synthése et caractérisation de
catalyseurs. Le role de chaque composant, de 1'échelle nano- a macro (du site actif au support
structuré) du catalyseur est précisément identifié, permettant une performance catalytique accrue.
Ceci a été mis en ceuvre pour la conception de catalyseurs appropri€s a des réactions industrielles
pertinentes, telles que la réduction catalytique partielle de composés nitroaromatiques substitués
ainsi que d'alcynes.

Les nitrures de molybdéne, qui ont recu par le passé une grande attention pour les processus
d'hydrotraitement en raison de leur activité et sélectivité, ont été choisis étant donné qu'ils
représentent une alternative plus durable que les métaux nobles. Les méthodes de traitement
thermique programmé ont été reconnues comme étant une méthode de préparation efficace du f-

MozN tétragonal et du »-Mo2N cubique, associés a une capacité d'absorption significative. Tout

d'abord, le f-Mo2N a été employé en phase liquide pour catalyser I'hydrogénation sélective d'une
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série de nitroarenes para-substitués et former I'amine aromatique correspondante. La présence de
groupes électroattracteurs sur le noyau aromatique a permis d'augmenter les vitesses de réaction,
en adéquation avec un mécanisme de réaction nucléophile. Il a été observé que I'or est un métal
convenant particuliecrement bien pour des réactions d'hydrogénation hautement sélectives de
composés nitroaromatiques. L'incorporation de faibles quantités de nanoparticules d'or (0.25%
m/m) sur le /~-MooN a augmenté 1'adsorption d'hydrogene de méme que 'activité catalytique et ce,
tout en affichant une sélectivit¢ compléte pour I'hydrogénation en phase liquide du p-
chloronitrobenzene (p-CNB) en p-chloroaniline (p-CAN), choisi comme réaction modele en raison
du clivage facile de la liaison C-CI. Un effet synergétique impliquant I'or et le MoN a été démontré
par une activité sensiblement accrue de 'Au/MoxN vis-a-vis de Au/Al,Os. En revanche, la réaction
avec du Pd/Al,Os (servant de référence) a donné lieu a la réaction d'hydrogénation couplée a de
I'hydrodéchlorination.

Dans un second temps, l'influence de la phase cristallographique (5- vs. y-Mo2N) et de la
surface spécifique (7-66 m? g!) sur le comportement catalytique ont été examinées. Le f-Mo,N
tout comme le -Mo2N ont permis d'hydrogéner sélectivement le p-CNB en p-CAN, et la structure
S- a fourni une vitesse de réaction (par m?) accrue; la vitesse de réaction pour le »-MoxN est restée
indépendante de la surface spécifique. L'inclusion d'or sur chacun des deux nitrures a permis
d'améliorer la production de p-CAN.

Finalement, 1'effet de l'incorporation d'azote dans le molybdene a été évalué en préparant
divers échantillons avec des degrés variés de nitridation. Il a été démontré que l'incorporation
d'azote n'a pas eu d'effet significatif sur la morphologie et chaque échantillon a révélé des agrégats
cristallographiques avec des surfaces spécifiques similaires. Cependant, les quantités d'hydrogene
chemisorbé et désorbé (par désorption a température programmeée) ont augmenté pour des ratios
Mo/N décroissants. En procédant aux tests catalytiques sur I'hydrogénation du nitrobenzene, des

vitesses supérieures d'hydrogénation ont été observées avec les échantillons de Mo2N ayant une
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teneur plus élevée en azote, ce qui a été attribué a une plus grande disponibilité d'hydrogeéne
dissocié hétérolytiquement sur les paires de Mo-N. A contrario, I'hydrogénolyse du groupement —
C=0 a ¢été favorisé avec le benzaldéhyde par chemisorption homolytique de I'hydrogene sur le
molybdeéne, résultant d'une plus faible teneur en azote. Ces résultats ont clairement démontré que
l'incorporation d'azote dans la structure du Mo permet de controler la performance de
I'hydrogénation ou de I'hydrogénolyse.

Etant un outil performant pour le faconnage de la morphologie des nanoparticules
métalliques, la méthode colloidale a ét¢ employée pour concevoir des catalyseurs structurés se
révélant efficaces pour la réduction sélective des groupes alcyne et —NO». Les propriétés de surface
des NPs de Pd ont été affinées en (i) changeant la nature de 1'agent de stabilisation (électronique
vs. stérique), (i1) contrdlant la taille des NPs de Pd (2-10 nm) et (iii) greffant les ligands, renfermant
des atomes d'azote, sur la surface de nanofibres de carbone/fibres métalliques fritées (CNF/SMF).
Dans la semi-hydrogénation de 1'acétyléne, le résultat catalytique est resté inchangé quant a la
nature de I'agent réducteur. Toutefois, un fort effet inhibiteur sur la vitesse d'hydrogénation a été
observé en employant un stabilisateur €électrostatique (en comparaison des stabilisateurs stériques),
ceci étant attribué a des effets géométriques et stériques conjugués. Une diminution de la taille des
nanoparticules de Pd (de 8 — 2 nm) a été¢ accompagnée d'une diminution de l'activité mais une
plus haute sélectivité pour I'éthylene a été observée. Le greffage d'agents modificateurs renfermant
des atomes d'azote dans leur structure (polyvinylpyridine ou polyethylenimine) sur les supports
composites de CNF/SMF a conduit a une augmentation significative de la sélectivité pour l'oléfine
(jusqu'a 93%) et ce, en ayant une stabilité remarquable durant 120 h en continu. Ceci est attribué
a des modifications €lectroniques (transfert de charge) provenant des interactions entre les nano-
cristaux de Pd et le ligand greffé, ce qui est confirmé par des analyses de photospectroscopie de
rayons X (XPS). A titre de comparaison, un catalyseur exempt d'agents de stabilisation a fourni

une faible sélectivité pour 1'éthyléne (65%).
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Cependant, dépendant du systeme catalytique, l'enveloppe de ligand organique peut étre
néfaste pour l'activité et/ou sélectivité. Des particules monodispersées de Ni (de 2 — 14 nm) ont
¢été préparées par le biais de méthodes colloidales, stabilisées par du poly-N-vinyl-2-pyrrolidone
(PVP) et testées pour I'hydrogénation du m-dinitrobenzene (m-DNB). Une activité spécifique
(normalisée par les sites actifs, TOF) 6 fois plus grande a été obtenue sur les nanoparticules de Ni
les plus grandes. L'influence du PVP a été établi, a savoir que le TOF initial et la sélectivité pour
la m-nitroaniline (m-NAN) ont montré une dépendance marquée vis-a-vis de la présence de ce
polymere. Ce résultat a été attribu¢ a I'adsorption préférentielle du PVP sur les atomes de créte et
de sommet, laissant les atomes des plans libres. Une augmentation globale de la sélectivité pour la
m-NAN désiré, y compris a de hautes conversions, a pu étre obtenue en déposant les naoparticules
monodispersées de 2 nm de Ni sur des fibres de carbone activées (ACF) et en enlevant les traces
de PVP par un traitement UV-ozone. Un modele cinétique selon Langmuir-Hinshelwood
comportant deux sites actifs a ét¢ employé pour justifier les résultats et s'est révélé cohérent en
regard des résultats cinétiques expérimentaux. Ce travail démontre le potentiel du Ni supporté sur
des ACF comme ¢tant une formulation catalytique appropriée pour la une production propre et
efficace d'anilines fonctionnalisées.

En résumé, cette thése démontre la possibilité d'effectuer des réactions d'hydrogénation
importantes au niveau industriel aussi bien en batch (phase liquide) qu'en continu (phase gazeuse).
La distribution des produits de la réaction peut étre contrélée a un niveau nanométrique en ajustant
les propriétés de la phase active au moyen de modifications de paramétres structurels (forme
allotropique, composition), de modifications du microenvironnement des NP (enveloppe de ligand
organique) et par l'optimisation de la taille des particules.

Mots clés: Hydrogénation sélective, conception rationnelle de catalyseurs, nitrures de

molybdene, Pd, Ni, supports carbonés structurés, nitroarenes, alkynes.
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Chapter 1

Introduction

The subject and objectives of the work are presented in this chapter and the structure of the

thesis is outlined.

1.1 Motivation and Objectives

Catalytic hydrogenation is one of the key processes in the manufacturing of pharmaceuticals
and fine chemicals, involved in approximately 30-40% of these chemical processes [1]. In the last
decades, the nanosciences have consolidated as a major direction in chemical research due to the
unique properties of nanoparticles (NPs). The conventional methodology applied for catalyst
development and optimization has been a "trial and error" approach. With the advancement of
physico-chemical methods for characterization of solid materials, especially under working
conditions ("in situ" or "operando"), the identification of the active component is becoming a

reality. Indeed, the understanding of the interplay between catalytically active species and the
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surrounding environment is decisive to design catalysts in a more rational approach, which is based
on a multidisciplinary combination of new advances in catalyst synthesis and characterization.
"Rational Catalyst Design" has been applied in this thesis to develop new effective materials
for selective multiphase hydrogenations. Since the catalyst performance depends on the
contribution of various components (chemical compositions, structures of the bulk and the surface,
morphologies, but also conditions to which it is exposed in the reaction), rational catalyst design
has to cover multiple levels at scale from the nano-design of the active sites to the macroscale of

the reactor design (Figure 1.1.).

Structuredisupport
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Figure 1.1. Extent of the rational catalyst design over several scales. Adapted from Ref [2].

The ultimate goal of any catalyst design process is to optimize catalytic performance via
modifications of the chemical composition and morphology of the catalyst [3]. The strategy
applied in this work is based on the selection of an active component, optimization of its intrinsic

properties and its deposition on a structured support.



The thesis deals with several key issues encountered in the partial catalytic reduction of
substituted nitroaromatic compounds and alkynes, two classes of industrially relevant reactions.
In the selective catalytic hydrogenation of polyfunctional molecules, the exclusive attack of a
single substituent in the presence of other functional groups is particularly challenging since the
reduction of these groups may be easier than the target group. Conventional processes based on
large amounts of metal oxide in acid media can no longer be considered sustainable due to low
overall product yield and the environmental issues associated with the formation of toxic by-
products. Moreover, in the cleaner catalytic alternative over conventional noble metals (such as
Pd, Ru), over-hydrogenation is difficult to avoid. Besides, alkynes can be fully hydrogenated to
alkanes and the use of scarce noble metals is expensive. Therefore, our efforts were first
concentrated on the choice of the active phase that could replace the noble metals, such is the case
of molybdenum nitride. The catalytic use of molybdenum nitrides has received great attention for
hydrogen mediated reactions and in particular, for selective hydrogenations [4] with promising
results in the production of functionalized anilines. A systematical study of the parameters
affecting the catalytic response was carried out to design a catalyst highly selective to the target
products. To boost the activity of Mo-nitrides, low contents (< 0.25% wt.) of noble metals can be
incorporated.

Another aspect associated with most of catalytic hydrogenations is their structure sensitivity.
In this kind of reactions, the metal nanoparticle size has a significant impact on the catalyst activity
and selectivity. Colloidal methods provide a good control of the nanoparticle size, which allows
setting out a relation between the catalytic performance and the properties of the active phase. A

large number of variables are involved in the preparation of metal NPs like the reducing and
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stabilization agents. Rational catalyst design identifies precisely the role of each component

allowing an increased catalyst performance (high product selectivity at high conversions).

1.2 Structure of the Work

The thesis focuses on catalyst design and optimization for selective hydrogenation reactions.
In Chapter 2, the current state of the art in the field of heterogeneous catalysis relevant to this
work is reviewed. In Chapter 3 is proposed a new catalyst formulation based on Mo-nitrides for
hydrogenation of nitroaromatic compounds. It is subdivided in four sub-chapters:

In sub-chapter 3.1, a tetragonal molybdenum nitride (S-Mo02N) has been prepared and tested
in liquid phase hydrogenation of a series of para-substituted nitrobenzenes to give the
corresponding aromatic amine. The catalytic results were compared with those obtained over
Pd/Al>O3, used as a benchmark. The effect of electron-donating and electron-withdrawing groups
was evaluated and a reaction mechanism has been established through a Hammett relationship. In
sub-chapter 3.2, the remarkable properties of f~Mo2N were combined with the use of Au in
Au/MozNand tested in both liquid and gas phase selective hydrogenation of p-chloronitrobenzene.
The catalytic action of Au/MoxN was also compared with Au/Al,O3 (as benchmark) to probe a
possible support effect. Sub-chapter 3.3 analyzes the independent effect of the Mo-nitride
crystallographic phase (tetragonal S-Mo2N vs. cubic »~Mo02N) and surface area in the p-
chloronitrobenzene gas phase hydrogenation. A series of relevant characterization techniques were
used (BET, TPD, XRD, SEM, XPS) to link catalytic response with structural properties and
hydrogen uptake abilities of the catalyst. Gold was incorporated on both nitrides to enhance the
corresponding amine production rates. The approach of active phase design by modification of

structural parameters was taken further to study the catalytic effect of systematic increased



nitrogen incorporation in Mo structure on hydrogenation and hydrogenolysis (sub-chapter 3.4).
A series of characterization measurements were carried out (XRD, XPS) to quantify the Mo/N
ratio.

A move from powders to structured systems can result in morphological changes (see Figure
1.1). Different carbon-based supports were used for monodispersed metal NPs in the
hydrogenation of alkynes and nitroarenes. (Chapter 4). Thus, Pd NPs have been deposited on
carbon nanofibers (CNF) grown on structured sintered metal fibers (SMF) (sub-chapter 4.1). It
was demonstrated that the surface properties of Pd NPs could be finely tuned by an organic ligand
shell and precise control of the NPs size. Bearing this in mind, Ni NPs were supported on activated
carbon fibers (ACF) for the design of a highly selective catalyst for 1,3-dinitrobenzene (m-DNB)
hydrogenation (sub-chapter 4.2).

Finally, the findings of the study are summarized in Chapter 5 and general conclusions

along an outlook are given.






Chapter 2

State of the Art

This chapter presents the current state of research in the field of catalyst design for
hydrogenations. A first part discusses molybdenum nitrides systems, regarding their structure,
preparation, and applications for the hydrogenation of aromatic nitro-compounds and alkynes. The
second part deals with the design of structured catalyst, based on carbon supports and metal NPs
of controlled size prepared via colloidal methods. Their use for gas-phase selective hydrogenation

of C=C and for liquid phase hydrogenation of aromatic nitro-compounds is also addressed.
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2.1. Molybdenum-Nitride Based Catalytic Systems

Molybdenum nitrides are compounds consisting of nitrogen atoms dissolved interstitially in
the lattice of Mo. They present not only unique physical and chemical properties such as great
strength and durability, hardness and superconductivity but can also adsorb and activate hydrogen
[4]. The catalytic properties of this material attract a lot of attention from the 80's [5], inspired by
the pioneering work of Levy and Boudart on tungsten carbides [6]. In several types of reactions
such as hydrogen mediated reactions, Mo-nitrides, among group VI nitrides, demonstrate catalytic
activities approaching or surpassing those of noble metals [4, 7].

In carbon monoxide hydrogenation, for instance, cubic Mo nitride demonstrates higher
hydrogenation activity as compared to Ru [8]. This was ascribed to modification of electron
density (direction and amount of charge transfer) due to the nitrogen incorporation and contraction
of the metal d-band due to the expansion of the Mo lattice constants. This phenomenon can be
explained when considering the interaction of the bonding state of the hydrogen with the metal d-
band. The metal d-band hybridizes with the bonding (o) orbital of the H> to form bonding (d-o)

and antibonding (d-c)* states, as illustrated in Figure 2.1.
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Figure 2.1. Molecular orbital model applied to the d-band theory, adapted from [9]



In the example shown above, the (d-o) state is full, but the extent of filling of the (d-c)* state
depends on the local electronic structure of the metal at the surface, i.e. the surface density of
states. An increased filling of the antibonding (d-c)* state corresponds to a destabilization of the
metal-adsorbate interaction and hence, weaker binding. In practice, the location of the d-band
center closely correlates with the extent of filling of the (d-6)* molecular orbital (MO) [10].

In the context of chemisorption of H> on Mo-nitride surface, a higher d-band center (smaller
€d-band center - €F, Which occurs through the incorporation of N in Mo lattice) corresponds to an
increase in energy (relative to the Fermi level (gr), as the highest energy level occupied by
electrons) and subsequent decrease in filling of the (d-c)* state. It implies that the metal-adsorbate

system is less destabilized, which translates to stronger binding between metal and adsorbate.

2.1.1. Structure

The chemistry of Mo-nitrides is similar to that of pure metals. The non-metallic nitrogen
atoms occupy interstitial positions between metallic Mo atoms, hence this material is known as
interstitial alloy [11]. They adopt simple metal structures with the metal atoms forming lattices of
body-centered tetragonal (f-Mo2N), face-centered cubic (fcc -Mo2N) or simple hexagonal (hex
o-MoN). However, this thesis will focus on the first two allotropic forms, which have been the
most commonly synthesized and used for catalytic applications (Figure 2.2).

The nitrogen content in beta-phase is still a matter of debate and although a Mo/N ratio of
ca. 2.5 has been the most widely obtained [12-14], different ratios over the range 2.3-2.8 have also

been reported [15, 16].
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Figure 2.2. Representation of the crystallographic structure of (A) S-Moz2N and (B) ~-Mo2N.

Note: large purple and small blue spheres represent Mo and N atoms, respectively.

2.1.2. Mechanism of H; Adsorption and Activation

On the crystal structures represented in Figure 2.2, different active sites can be identified,
such as (1) full coordinated Mo and (i1) partially coordinated Mo. The latter correspond to metallic
Mo edges and nitrogen deficient sites. Few attempts have been made to propose a mechanism of
the hydrogen adsorption and activation on Mo nitrides. Li et al. [17] suggested a mechanism of

hydrogen activation involving a heterolytic dissociation on Mo-N pairs:

X H
P H,
Mo—N T Mo——NH

4
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where the crossed N atom represents the nitrogen deficient site of Mo present on the surface. Such
N-deficient sites are suggested to be suppressed during the nitride passivation and regenerated

through reduction by Ho:

N
N
7 N

s N

H2 '
Mo—N » Mo—N + H,0

It has been shown that high concentration of nitrogen deficient Mo surface atoms are found
on Mo-nitrides with low BET surface area [18]. Besides, the adsorption of hydrogen per unit of
surface increases with decreasing surface area and/or increasing particle size of Mo>N [19],
attributed to the retention of hydrogen on subsurface sites [20]. It has also been proposed [4] that
a high concentration of the surface Mo atoms could favor homolytic dissociation giving Mo—H

moieties. This process has been depicted as:

Owing to the low Mo—H bond strength, such hydrogen could be transferred from the surface
to reactant molecules in the form of a hydrogen radical-like species. Yet, there is no experimental
evidence to either confirm or discriminate between the heterolytic and homolytic dissociation of
Haz. Moreover, hydridic hydrogen may also migrate from the surface to the sub-surface layer and/or
interstices. Since sub-surface is the predominant location of the nitrogen atoms in the crystal, the
much higher strength of the N-H bond than that of the Mo—H bond provides the driving force for
this process [21].

Hydrogen adsorption on Mo2N has also been studied by Haddix et al. [22] using NMR.
Hydrogen adsorbs on the surface at room temperature in the form of localized rafts strongly bound

H atoms, occupying at most 10% of the total N2 BET surface area. Accordingly, the authors also
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suggested that hydrogen adsorption occurs at nitrogen-deficient sites of Mo present on the nitride
surface. In an analogous way, this observation on the catalytically active sites was further
corroborated by a study of the influence of N/Mo ratio on the rate of hydrodenitrogenation [23],
where activity decreased as the N/Mo ratio increased. Proposal concerning "types" of hydrogen
was pushed forward [24] based on temperature-programmed adsorption (TPA) and desorption
(TPD) results, thus defining low and high temperature desorption sites. Depending on the
temperature of desorption, three kinds of hydrogen species, i.e. weak, moderately strong and strong
forms, were produced in the H>-MoxN system. They were associated to sites located on the surface,

in subsurface and bulk of the Mo-nitride, respectively.

2.1.3. Preparation

A number of procedures have been investigated for the synthesis of molybdenum nitride.
Molybdenum nitride preparation methods applied to date can be divided in conventional high
temperature (1400-1900 K) procedures and controlled temperature programmed techniques.

Conventional methods were reported using current arc discharge [25], pulsed laser
deposition of molybdenum metal [16] and plasma spraying [26]. Developed to a lesser extent,
there is also instances in the literature of the use of thermal reduction nitridation of MoCls with
either NaNj3 (at 823 K) [27, 28], or urea (at 873 K) [29], both giving nitrides with low specific
surface area (SSA, m? g!). However, sol-gel [30] or thermal decomposition of ammonium
molybdate salt under argon [31, 32] form nitride with high SSA (= 70 m? g'!). For the latter one, a
high ratio Mo (IV)/Mo (1), as well as the presence of C or O, have shown to raise the SSA up to

150 m? g'!. Apart from the difficulties involved in implementing some of the preparation methods
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described above, the control of structural parameters is difficult and the conventional approach
would not be suitable for rational catalyst design.

The use of alternative controlled temperature programmed treatments facilitates applications
in catalysis due to the delivery of metal nitrides with higher SSA (up to 225 m? g!) [33]. The most
commonly used temperature programmed reaction between MoOs; and NH3 at high final
temperature (800-1000 K) produces mainly »-MoaN (SSA = 100-220 m? g'!) [33-36] but there is
also evidence in the literature for the formation of f-Mo,N (SSA = 10-40 m? g'!) [14, 37]. A more
sustainable alternative is to use Ho+N> mixture. With the latter treatment the formation of either
B-MooN (SSA < 12 m? g'!) [13, 38, 39] or -MoaN (SSA = 40-120 m? g!) [36, 40] has been
reported. In order to obtain high SSA (up to 170 m? g'!), it has been shown that slow temperature
ramping rate (< 1 K min™) [36] and/or high gas space velocity (typically 150000 h'') [20] are
required. This has been linked to the presence of water which reduces surface area through
hydrothermal sintering or/and lattice fluidization mechanisms [41]. In the particular case of
preparation via No+H; mixtures, there is a dependency on the gas composition (lower % v/v N»/H»
increases SSA) where MoO, and Mo have been suggested as reaction intermediates for the
formation of y-Mo2N [36]. Wise and Markel [41] have reported that the formation of an
intermediate MoO> with a high SSA (= 60 m? g'!) would give a y-Mo>N with a high SSA (= 130
m? g'!), whereas the presence of Mo was associated with water and low surface area. However,
Gong and co-workers [13] attributed the low SSA (<10 m? g'!') of -MoxN to the presence of the
intermediate MoO». In the synthesis with NH3, two others intermediates, H\MoO3 and y-Mo,ONj .
y, can be present and associated with the formation of (i) high surface area y-Mo2N and (ii) Mo

with low surface area y-MoxN, respectively [42]. In spite of the allotropic form synthesized, the
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passivation step, i.e. formation of an oxynitride or oxide layer slightly thicker than one monolayer
[19], results in a substantial lost in surface area [43].

To sum up, previous studies have proposed the participation of MoO; [44], MoOxHy [45],
Mo4O11 [46] and Mo [13] as intermediates during the temperature programmed treatment of MoO3
to form Mo nitride. Thus, Matsuda [45] and coworkers have suggested that reduction of MoO3 at
623 K occurred through molybdenum bronze (HiMo00O3) and MoO», Wise and Markel [41] reported
the formation of MoO; and Mo intermediates at 773 K and Stoczynski [47] proposed a transition
of MoO3 to M04O11 and MoO; at T < 823 K. More recently, Cardenas-Lizana et al. explicitly
identified the reaction intermediates in the beta Mo-nitride synthesis at 933 K [48]. They proposed
a stepwise reduction (MoO3 — MoO, — Mo) and subsequent nitridation (Mo — f-Mo2N). It was

also the first attempt of catalytic nitroarene hydrogenation with this nitride form.

2.1.4. Molybdenum Nitrides as Catalysts in Selective Hydrogenations

High hydrogenation catalytic activity can be expected with the use of Mo-nitrides able to
chemisorb and dissociate H» [4, 49], having a distinct activation mechanism with different surface
structure. Thus, the catalytic properties are mainly affected by the SSA, which has been shown to
be linked to the ratio of crystallographic planes (200)/(111) [44]. A series of Mo2N samples
prepared by Zhang et al. [50] highlighted that (111) plane atoms adsorb more hydrogen. Moreover,
it has been shown that hydrogen adsorption/activation per unit of surface increases with decreasing
the surface area and/or increasing the particle size of Mo2N [19]. Surface area depends on the
crystallographic phase of the molybdenum nitride: low SSA Mo-nitrides corresponds to a
tetragonal S-phase, while a cubic y-phase presents a high SSA. The use of molybdenum nitrides in

hydrogen mediated reactions is limited but they have been successfully used as catalytic system in
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the hydrodenitrogenation of pyridine where y-Mo02N showed an activity superior to traditional Ni-
Mo/Al>O3 [19] catalyst. Moreover, the activity depends on the phase used. For example, y-Mo2N
has been shown to be more active than f-Mo;N for hydrodenitrogenation reactions. It has been
actually reported that the activity was related to the amount of NH3 chemisorbed in NH3-TPD,
indicating that the reaction occurs on the acid sites [19]. However, y-MoxN crystallite surface was
associated with sites having lower activity for the hydrogenation of carbazole [14]. Mo and f-
MooN showed a higher activity (per surface area) than y-Mo>N, which was attributed to their large
particles. Indeed, Nagai and co-corkers assumed that the hydrogenation was favored on the surface
grain boundary of large particles and more specifically, Mo (110). MooN powders have already
been widely used in the ammonia synthesis [38, 51], hydrotreatment activities [50], such as
hydrogenolysis of alkanes [52], dehydrogenation and isomerization [53], hydrodesulphurization
[54], hydrodechlorination [55] and hydrodenitrogenation reactions [52]. It was also used in
hydrogenation in liquid phase of long chain alkadienes [56], methyl benzoate [57], and in gas
phase of CO [34] and crotonaldehyde [58]. Indeed, in the case of hydrogenation reactions,
hydrogen adsorption microcalorimetric study has shown that MoxN is able to chemisorb hydrogen
with various adsorption strengths depending on the SSA [59]. Moreover, no change in the surface
electronic structure was noticed by X-ray photoelectron spectroscopy (XPS) after y-MooN
reduction in H> during 3h [60]. Some studies have used a support to enhance the dispersion of the
nitride, such as alumina [37, 61], zeolites [62] and carbon [58]. Finally, Cairns and co-workers
[39], have added by impregnation 1% wt. Au, Pd, Ni and Cu dopants on MoO3 and noticed some
changes on the morphology of the f-Mo2N formed after reduction and nitridation. However, they

did not proceed with catalytic tests on this modified nitride.
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2.1.5 Liquid and Gas Phase Hydrogenation of Aromatic Nitro-Compounds

Aromatic amino compounds are widely used in chemical industry. Halogenated anilines in
particular are important intermediates for synthesis of fine chemicals such as dyes, drugs,
herbicides and pesticides [63]. Their production usually involves Bechamp reaction [64] in metal—
acid (Fe/HCI) reducing system or selective hydrogenation over heterogeneous catalysts. The first
route leads to the production of acid effluents and toxic wastes in the form of iron oxides that have
to be separated and treated before disposal. When compared to the traditional route, the selective
catalytic hydrogenation appears to be a more sustainable way.

The primary challenge is to avoid cleavage or hydrogenation of other reducible groups [65].
In the hydrogenation of halonitroderivates the main problem is the cleavage of the halo group from
the aromatic ring, which in most reaction systems is very difficult to avoid [66, 67]. It has been
proven that this C-Cl scission can be controlled by using appropriate catalyst and depends on metal
dispersion [68], the nature of support [69] and incorporation of different additives [70]. Besides,
one of the most effective ways to influence the selectivity, activity and stability of the catalysts for
hydrogenation reactions is the addition of a second metal to the active phase. When compared with
the monometallic catalysts, this incorporation can either modify the electron properties of the
individual metals [71], or alter the geometry of the metal particles placed on the support. This
occurs by the migration of mobile oxidic species from the support over the metal surface
(encapsulation) or by sintering of the metal particles [72]. Electronic and geometric effects usually
overlap and every metal-oxide combination interacts specifically. Thus, enhancement of Mo-

nitrides by a second metal seems to be an appropriate method for improved catalytic performance.
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2.2 Pd and Ni Based Structured Catalysts
2.2.1 Structure Sensitivity

When a reaction is catalyzed by metal nanoparticles (NP), their morphology may or may not
influence the activity and selectivity. The concept of structure sensitivity was already reported long
time ago. Already before the end of the 1960s, it had become clear that the rates of some catalyzed
reactions expressed per unit area (or per active site) as turnover frequency (TOF) were almost
independent of metal particle size and were referred to as facile. On the other hand, if some form
of TOF dependence on the particle size was observed, the reactions were called demanding [73].

The different categories of TOF dependency with NP size are represented in Figure 2.3. The
TOF of structure-insensitive reactions is not affected by particle size (curve A). In structure-
sensitive reactions, a decrease of TOF with increasing the particle size is referred to as sympathetic
(curve B) or it may increase together with the increase of particle size (curve C) in antipathetic

structure sensitive reactions.
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Figure 2.3. Possible TOF dependence on the metal NP size. Adapted from Bond ef al. [73].

17



Chapter 2: State of the Art

The relative distribution of types of active sites on a nanoparticle depends on its size. Surface
atoms vary essentially in their coordination number. Accordingly, it is possible to distinguish
between (i) low-coordinated atoms located on edges or vertexes and (ii) atoms with higher
coordination placed on planes or directly underneath at the outermost layer by still accessible to
reacting molecules, with different reactivities [74]. The ratio between surface atom types changes
substantially when varying the size of a nanocrystal. As represented in Figure 2.4 for a non-ideal
cube-octahedron model, the fraction of atoms located on crystallographic planes increases with

size at the expense of edge and vertex atoms.
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Figure 2.4. Evolution of the fraction on atom type (red: edge and vertex atoms, blue: plane
atoms) and metal particle dispersion with the NP size, calculated from van Hardeveld's cubo-
octahedron non-ideal model [75]. Associated crystallite representation adapted from the same

reference.

A set of models was proposed by van Hardeveld and Hartog [75] in which calculations were

performed on the variation in the populations of atoms of specified coordination number with
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crystallite size for a number of perfect and non-ideal crystal geometries (cube, octahedron,
tetrahedron, cube-octahedron, etc.). From this study, it is possible to determine the relative
proportion of a given type of surface atom (to the total surface atoms) with nanoparticle size, which
was used to describe the structure sensitivity in various studies [76, 77]. Therefore, the catalytic
performance of structure-sensitive reactions are strongly affected by both the size and shape of the
nanocrystals in a catalyst [78, 79] and this could be used for rationally designing the catalyst.

In the hydrogenation of alkynes, an increasing TOF was reported for Pd NPs in the range of
4 to 10 nm [74] and invariant activity for larger particles [79]. However, higher activity was
recorded for smaller crystallites in the hydrogenation of 2-butyne-1,4-diol over unsupported Pd
NPs [80]. Structure sensitivity has been extensively studied in the hydrogenation of acetylene,
where TOF is usually found to increase with nanoparticle size. For example, Borodzinski [76]
observed antipathetic structure sensitivity over Pd/SiO» catalysts (4 to 26 nm) and attributed it to
geometric effects that define the average surface concentration of active site. Furthermore, Tribolet
et al. [81] reported a drop (> one order of magnitude) in TOF for Pd NPs below 3 nm which was
ascribed to an increased adsorption strength of the electron-rich C=C on electron deficient small
NPs. The studies of particle size effects in hydrogenation of functionalized nitroarenes over Ni-,
Ag- and Pt-based catalysts suggest both sympathetic and antipathetic structure sensitivities
depending on the active metal used [82, 83]. Finally, it is worth mentioning that the support also
has significant effect on the size and shape of the supported metal. An example was reported by

Coq et al. [68] for the Pt-catalyzed p-chloronitrobenzene (p-CNB) hydrogenation.
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2.2.2 Colloidal Method for Metal Nanoparticles Preparation

Control over the NP size and shape is of utmost importance for the catalysis since the
catalytic activity and selectivity may be strongly affected by the nanocrystal morphology [76, 84].
In heterogeneous catalysis, colloidal methods are known to outperform the traditional approach
based on impregnation of metal precursors followed by activation [74]. Indeed, the latter often
leads to broad particle size distribution and makes it very difficult to control reactivity. Colloidal
techniques have emerged as a powerful tool for tailoring metal nanoparticle morphology [85, 86].
Two main components can be identified in the synthesis of nanocolloids. First, the reducing agent
that promotes the particles reduction to a zero-valent state, typically active for hydrogenations.
The second one being the stabilizer, preventing metal NP agglomeration. Among stabilizers, two
main types can be identified, namely steric stabilization through polymeric layers [87, 88] and
electrostatic stabilization [89] via surface charges resulting in repulsion between NPs. The two
aforementioned components allow size control of the NPs therefore leading to a narrow size
distribution which, in turn, can affect the catalytic response of structure-sensitive reactions.
Typically, stabilizing agents are linear and branched polymers, surfactants, polyelectrolytes, ionic
liquids or ligands [84]. Moreover, catalytic properties of formed NPs can be controlled by using
modifiers. These substances can influence catalytic response causing different effects such as
active site blocking, electronic effects or site separation. Modifier can be incorporated in the

support, and further interaction with NPs leads to its migration on metal surface.

Formation mechanism
During the NP formation, colloidal nucleation is the first step of the crystallization process,

followed by the growth. Nucleation is expected to follow the mechanism proposed by LaMer and
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co-workers in the early 50's [90] and illustrated later by Xia et al. [85]. During the decomposition
of a metal precursor in solution (see Figure 2.5), the atomic concentration increases steadily with
time. Once the critical atom concentration is reached, i.e. "supersaturation" level, the atoms start
to aggregate in form of small clusters in a self-nucleation process. The clusters keep growing
parallel to a decrease of the concentration of metal atoms in solution. Consequently, a minimum
level of supersaturation is then reached, the nuclei growth ceases and an equilibrium state is
reached between the atoms in solution and the atoms on the surface of the nanocrystal. Apart from
the growth via atomic addition, agglomeration can occur when the nuclei and nanocrystals merge

into larger objects [91].

Generation of Stable Nucleus
metal atoms Irreversible formation

M+

M* :O > €

——== Nucleation =) w——m Growth =EEp>

Figure 2.5. Schematic representation of NP formation, illustrating the generation of atoms,

nucleation and subsequent growth.

Nucleation is the result of a complex interplay of factors such as the reaction conditions (e.g.
concentrations, temperature, stirring rate) or the difference between the redox potentials of the
metal salt and the reducing agent. In this respect, the reduction rate of the metal precursor play an
important role in the nucleation process. NPs size can be controlled by varying the proportion of

particle nucleation vs. growth. Thus, for a given concentration of metal ions, high degree of
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nucleation will result in abundant small particles formation whereas relatively small quantities of
large particles will be formed if the growth stage dominates. To achieve a high monodispersivity
of metal NPs, the nucleation must be complete for all the particle seeds before the self-sharpening
growth step begins [92]. The reduction kinetics of the metal precursor can be controlled by the
concentration of the metal precursor, the reaction temperature and/or pH and the strength and
concentration of the reducing agent [74, 84, 93]. As for the growth, a competition occurs between

a favorable decrease in bulk energy and an increase in surface energy which favors dissolution.

2.2.3 Structured Carbon Supports for Catalytic Applications (CNF, ACF)

A step further in the rational catalyst design is an incorporation of metal nanocrystals on
structured supports. The use of structured carbon for supported metals is attracting the interest in
general [94, 95], for alkyne to alkene hydrogenation [96, 97] and for the chemoselective
hydrogenation of functionalized nitroarenes [98, 99], in particular. Being inherently made of open
macrostructures, they present several advantages such as enhanced heat and mass transfer, low
pressure drop and improved reactant access to the active phase. While the limitations of powder
catalysts militate against the viability of these types of catalysts in terms of process scale up and
industrial implementation, structured supports are easy to handle and separate from the reaction
mixture.

Carbonaceous supports have been used for a long time in heterogeneous catalysis because
they can satisfy most of the desirable properties required for a suitable support [100]. The high
interest they raise is largely due to their higher resistance to acidic/basic media than conventional
oxide supports, high surface area, modifiable surface chemistry, adjustable porosity and easy

recovery of the supported metal by controlled combustion [101]. With a graphitic mesoporous
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nature, carbon nanofibers (CNF) have been used in several catalytic applications such as gas phase
hydrogenation of cinnamaldehyde [102] or phenol [103]. As component of a novel composite
support, CNF were also grown on Inconel-based sintered metal fibers (SMF) via carbon vapor
deposition (CVD) method [104, 105]. In the semi-hydrogenation of acetylene, the higher (10
times) TOF recorded with Pd/CNF/SMF as compared to Pd supported on activated carbon fibers
(ACF) was attributed to a strong interaction of Pd with the CNF [81]. ACF were successfully used
in the selective hydrogenations of 2-butyne-1,4-diol [106], 1-hexyne [ 107] and nitrobenzene [108].
It is worth to note that the pronounced catalyst deactivation was observed for ACF-supported Pt
and Ni in the hydrogenation of citral [109]. A problem of catalyst deactivation was solved by
immobilized ionic liquid layer on ACF into which the metallic transition metal species have been
incorporated [110].

In the hydrogenation of nitrobenzene, higher reaction rates were recorded with activated
carbon (AC) supported Ni in comparison to Ni/CNF, both treated by a mixture of acids [111]. This
was attributed to the greater surface acidity that served to enhance nitrobenzene activation. This is
actually linked to the possibility of modifying the nature and concentration of surface functional
groups by oxidizing carbon. By treatment with strongly oxidizing media in gas or in liquid phase,
oxygen-containing groups can be introduced on the surface of CNF and ACF. They decrease the
hydrophobicity of the carbon, thus, making the surface more suitable for the metal precursor or
NPs present in polar solvents such as aqueous solutions [112]. Surface functionalization of the
carbonaceous support is therefore necessary for catalyst preparations like incipient wetness
impregnation, ion-exchange, or organometallic grafting.

Another aspect of surface functionalization is the strong influence on the distribution of the

metal precursor on the support and, consequently, on the metal dispersions [113]. Stronger
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interaction with the precursor salt favors a higher metal dispersion that affects the catalytic
behavior of structure sensitive reactions [114].

Carboxylic acid Lactone

Carboxyl
anhydride

Cyclic peroxyde

OH (0]
Phenol Quinone

Figure 2.6. Schematic representation of the surface groups on carbon after oxidative treatment.

The oxygen containing surface groups created by oxidative treatments mainly have an acidic
character [115]. Boehm and co-workers [116] categorized the surface groups as strongly acidic
(carboxylic and anhydride), weakly acidic (quinone and lactone), with phenolic character
(hydroxylic groups) and carbonyl groups. Their characterization was assessed by titration methods,
X-Ray photoelectron spectroscopy (XPS), temperature programmed desorption spectroscopy

methods (TPD) and infrared spectroscopy (IR).

2.2.4 Gas Phase C=C Bond Hydrogenations

Selective hydrogenation of alkynes (to alkenes) is an important reaction widely employed in
the preparation of fine chemicals [117]. For example, ethylene is extensively used as an
intermediate in the manufacture of multiple compounds in the chemical industry such as polymers

or fine chemicals. In 2008, the sales volume of ethylene reached a peak of more than 160 billion
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US$ produced by at least 117 companies in 55 countries [118]. The conventional route involves
thermal cracking of petroleum gas with the simultaneous formation of acetylene as reaction by-
product. The presence of small amounts of acetylene in the product stream induces catalyst
poisoning in the ethylene-based polymerization reactions [119]. In this context, palladium is
widely used since it offers the best combined activity/selectivity for C=C bond partial
hydrogenation [120]. With the use of static constant-volume reactors, it became possible to follow
the course of the reaction with time by simple manometric methods and therefore follow the
reaction over a wider range of conditions [121]. The high selectivity of Pd was attributed to a
thermodynamic factor, due to the preferential coverage of the surface by ethyne ascribable to its
greater heat of adsorption. Higher C=C adsorption constants (by 2 or 3 orders of magnitude)
relative to C=C were reported [79, 122], even at high conversions [123] (i.e. low C=C
concentration). Besides, the rapid desorption of ethene which is replaced by ethyne prevents the
further reduction to ethane [124].

At present, the most accepted alkyne hydrogenation mechanism follows the Langmuir-
Hinshelwood model, involving associative or dissociative adsorption of alkyne and hydrogen on
the catalyst surface [125, 126]. Rajaram ef al. proposed various reaction intermediates for product
formation in the case of mono- and di-substituted acetylenes [127]. The reaction proceeds through
successive additions of hydrogen atoms to the carbon atoms of the unsaturated bond. In the absence
of any mass-transfer limitations, the reaction rate can be limited by dissociative adsorption of
hydrogen, bonding of the first hydrogen atom with the substrate molecule or by the addition of the
second hydrogen to the adsorbed substrate [128]. Based on theoretical calculations, addition of the
first hydrogen atom to the C=C bond was adopted as the rate-determining step in a number of

studies [129 , 130, 131]. In contrast, Bos et al. [132] and Borodzinski and co-workers [133]
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identified the addition of the second hydrogen to the adsorbed alkyne as the most energy
demanding step and this assumption was accordingly used to explain the experimental results in
the C=C hydrogenation [122, 126]. In the particular case of acetylene hydrogenation, a non-
competitive transfer of hydrogen by carbonaceous deposits was modeled by Borodzinski and
Cybulski [134] and used later in various studies [125, 135, 136]. It assumes the existence of three
different types of actives sites with specific adsorption capacities. Between narrow carbonaceous
deposits, acetylene was proposed to adsorb perpendicularly to the surface (as vinyldiene) where it
is selectively hydrogenated to ethylene by competitively adsorbed hydrogen atoms. Another type
of active site was defined on deposits where acetylene is non-competitively adsorbed and
hydrogenated by hydrogen spill-over. A last site, located in larger interstices, was associated to
the unwanted hydrogenation of ethylene to ethane, on which all gases (acetylene, ethylene and
hydrogen) can be adsorbed. Another important aspect of the alkyne hydrogenation reactions and
acetylene in particular, is the simultaneous formation of oligomers. Although Pd-containing
catalysts show high activity, they promote the undesired formation of ethane that can result either
from further hydrogenation of ethylene or direct attack of the C=C bond [117]. Sheridan [137]
proposed an oligomerization mechanism through a free-radical polymerization with an adjacent
o-diadsorbed ethyne molecule, induced by the sequential adsorption of hydrogen atoms to the
adsorbed ethyne in a CoH3 "half-hydrogenated state".

High selectivity to alkene is not a feature that is unique to palladium. It has been recently
shown that NiO (3 nm) can also perform well in the acetylene hydrogenation [119] as compared
to Pd/Al,O3 (10 nm) in the phenylacetlyene hydrogenation [138], with high selectivity (>95% to
ethane vs. 78% to styrene), albeit TOF recorded with NiO NPs was lower by one order of

magnitude.
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2.2.5 Liquid Phase Hydrogenations of Aromatic Nitro-compounds

With aromatic nitro-compounds bearing more than one functional group, it is difficult to
avoid completely the reduction of a second functionality. In the particular case of haloaromatics,
reductive dehalogenation can readily occur since the hydrogenolysis of carbon-halogen bond is
promoted by the amino substitution in the aromatic ring [139]. The selectivity of nitroaromatics
hydrogenation is affected by a number of factors such as the nature of the catalyst (metal, support
and particle size), the additive (promoter, inhibitor and poison) and reaction conditions (solvent,
temperature and pressure) [ 140].

A range of metals has been tested for the hydrogenation of substituted nitroaromatic
compounds [108, 140]. Excellent results were recorded with supported Ru, Rh and Ir, but the most
frequently used catalysts for the nitro group reduction are either the noble metals Pd and Pt
supported on active carbon or aluminum oxide, or Raney Nickel [141]. Even though Ni is less
active than the aforementioned noble metals, it became attractive for obvious costs reasons.

An appropriate choice of the support offered selectivities greater than 98% at full conversion
for Ni-catalyzed hydrogenation of chloronitrobenzenes on TiO> [142] or CNF [143, 144]. Corma
et al. [145] also reported high selectivities for nitroaromatics hydrogenation (up to 98.7% at 99.6%
conversion of 4-nitrobenzaldehyde) with TiO»-supported Ni. Nanosized nickel catalysts are
reported to exhibit better catalytic performances as compared to Raney Ni [146]. Mahata ef al.
[147] observed superior activity, selectivity and stability of nanosized nickel in the hydrogenation
of nitrobenzene in comparison to conventional Raney nickel catalysts.

Ni has also been successfully used in the gas phase hydrogenation of chloro- and
bromonitrobenzenes, where the aromatic aniline was exclusively produced [148]. Although the

selectivity was not affected, higher hydrogenation rates (up to 5 times) were observed on metal
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oxide than on carbonaceous supports, which was ascribed to particle size and electronic
interactions. Modifications on the environment of Pd/C NPs was also assessed for
halonitrobenzenes by probing the effect of solvent on the selectivity and activity [149] or replacing
the organic solvent by ionic liquids [150]. In this latter case, the degree of dehalogenation at full
conversion was reduced by up to one order of magnitude.

Even though Pd could be less selective than Pt [ 141], modifications with organic or inorganic
modifiers were used to improve the catalytic performance. An improvement of chemoselectivity
was demonstrated with ethylenediamine employed as a catalytic poison of Pd/C [151] and with
diphenyl sulfide immobilized on Pd/C which gave yields of 91-97% aniline without affecting a
Cl, methoxy, or COOBn substituent [ 152]. Several promoters such as Fe in Ni-P alloys [153], Mo,
W and Ru in Ni-B clusters [154] and amorphous alloys [155, 156] have been quite effective to
suppress undesired hydrodehalogenation side reactions. In addition, Raney Ni promoted by
vanadium showed significant decrease of the accumulation of the aromatic amines intermediates

[157].

2.3 Conclusions

In the class of interstitial compounds, molybdenum nitrides set themselves apart from
conventional noble metal based-catalysts. Controlled temperature programmed treatments of
MoO; precursor was shown to be the most appropriate synthesis method, allowing precise control
of the Mo-nitride structural parameters. Two main crystallographic phases are identified,
tetragonal S-MozN and cubic Mo2N, which exhibit low and high specific surface area,
respectively. The nitridation extent could also vary significantly from one nitride composition to

another, which may have an impact on the catalytic response.

28



Across multiple catalytic applications, molybdenum nitrides have proved to be a viable
alternative to noble metals. Although they are active due to a limited capacity for hydrogen
activation, MoN deliver high selectivities to target products. To increase the catalytic activity, a
second metal (Au, Pd, ef al.) could be added to the system to create a new metal-nitride synergy.

The performance in catalytic hydrogenations is affected by a number of parameters and one
of the key factors is the interplay between the active phase properties and the reacting molecules.
Mechanistic, electronic and geometric effects have been considered to tackle this complex
phenomenon, and to establish a correlation between the characteristics of the active phase and the
catalytic response. In terms of structural characteristics that control catalytic performance, the size
and surface structure of metal NPs play a critical role on reactions denoted as structure-sensitive.
Therefore, the understanding of the size-effect can be used for the rational catalyst design of
structure sensitive reactions. By adjusting the preparative pathways, the great potential of colloidal
methods was widely reported for the fine-tailoring of a nanostructure size and morphology. An
appropriate choice of the support, with appropriate physical and chemical characteristics that
prevent mass and heat transfer limitations, metal agglomeration or leaching, is necessary to design
an efficient catalyst at a larger scale. In this respect, structured carbon-based supports represent a
valuable alternative to conventional powdered or granulated catalysts. In summary, control of the
active metal characteristics through the optimization of particle size, modification of the active site

properties and choosing a suitable support represent the powerful tools of catalyst design.
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Chapter 3

New Catalyst Formulations Based on
Molybdenum  Nitrides for —NO2
Reduction

The potential of Mo-nitrides has already been demonstrated, as being able to dissociate
hydrogen on their surface, and thus making them appropriate for hydrogenation reactions.
However, the isolated effect of structural parameters that are varying together with modifications
of the preparation method is still a subject of investigations. Applying the approach of rational
catalyst design, S-Mo>N was prepared and tested over a series of substituted nitrobenzenes in the
-NO: to -NH; reduction. The independent effect of the Mo-nitride crystallographic phase (5 vs. )
and surface area on the catalytic response was then assessed for a model (p-CNB — p-CAN)
reaction. Additionally, the promoting effect of gold NPs on both f-Mo,N and y-MooN was
evaluated in gas and/or liquid phase. The effect of the nitrogen content in Mo-Nitrides on the

catalytic performance was also examined.
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3 1 Selective Three-Phase Hydrogenation of Aromatic Nitro-
* compounds over fMolybdenum Nitride

Abstract

A tetragonal molybdenum nitride (f—Mo2N) has been prepared by temperature programmed
treatment of MoOs in flowing N>+H> and, for the first time, shown to catalyze the liquid phase

selective hydrogenation (7'= 423 K; P, = 11 bar) of a series of para-substituted (-H, -OH, -O-

CHs, -CHs, -Cl, -I and -NO3) nitrobenzenes to give the corresponding aromatic amine. Reaction
over Pd/Al,O3, as a benchmark catalyst (Pd particle size ca. 18 nm), resulted in a composite
hydrodechlorination/hydrogenation of p-chloronitrobenzene (as a representative nitroarene) to
generate nitrobenzene and aniline. f-MoN has been characterized in terms of temperature-
programmed reduction (TPR), H> chemisorption/temperature programmed desorption (TPD), BET
surface area/pore volume, elemental analysis, powder X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), scanning (SEM) and transmission (TEM) electronic
microscopy. Elemental analysis, XRD, SEM and TEM have confirmed the formation of tetragonal
P-MozN, characterized by an agglomeration of flake-like crystallites. Post-synthesis, the nitride
was passivated by contact with 1% v/v Oz/He at ambient temperature and XPS analysis has
demonstrated the formation of a superficial passivating oxide overlayer without bulk oxidation.
Pre-reaction, activation by TPR to 673 K was necessary to remove the passivating film. Hydrogen
TPD has revealed significant hydrogen uptake (0.7 umol m™) associated with f-Mo,N. Nitro group
reduction kinetics have been subjected to a Hammett treatment where the reaction constant

(p=0.4) is diagnostic of an increase in rate due to the presence of electron-withdrawing
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substituents on the aromatic ring, consistent with a nucleophilic mechanism. The results of this

study establish the viability of f-Mo2N to promote selective nitroarene hydrogenation.

3.1.1. Introduction

Aromatic amines are used extensively as intermediates in the manufacture of fine
chemicals, pharmaceutical and agricultural products [63]. Standard synthesis routes based on Fe-
promoted reduction in acid media (Bechamp reaction) do not meet the current requirements for
sustainable process design due to low selectivity to the target amine and the production of large
quantities of toxic waste [140]. The alternative catalytic approach via batch liquid phase
hydrogenation using conventional transition metal (e.g. Ni and Pd) catalysts shows promise in
terms of increased conversion [153, 158, 159] but the low overall reaction selectivity represents a
drawback that must be addressed [141]. Taking the hydrogenation of p-chloronitrobenzene (p-
CNB) to p-chloroaniline (p-CAN), undesirable C—Cl hydrogenolysis is difficult to circumvent at
high conversions [ 140]. Indeed, Mo et al. [160] and Li and co-workers [161] have recently reported
the formation of nitrobenzene (NB) and aniline (AN) in the hydrogenation of p-CNB over
unsupported NiB nanotubes and nanospheres. Low selectivity with respect to —NO; group
reduction also extends to gas phase operation where cyclohexylamine and NB have been identified
as secondary products in the hydrotreatment of NB and o-CNB over polymer-supported Pt [162]
and Pd/Al,0Os [163], respectively. Application of coupling reactions [164], support modifications
(e.g. polymer functionalisation [165], carbon nanofibre orientation [166], magnetization of -
ADOs3 [167]) and/or the use of bi- (Ni-B [159], NiPB [168] or Pt-Pd [169]) and tri- (NiCoB [170])
metallic systems have been examined as a possible means of enhancing selectivity. However, the

associated complexity and costs militate against the viability of these approaches in terms of
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process scale up. There is now a pressing need for a more efficient catalyst system to promote the

selective hydrogenation of aromatic polyfunctional nitroarenes.

The use of molybdenum nitrides in hydrogen mediated reactions is attracting increasing
attention as a viable alternative to conventional transition metal catalysts. Li et al. [171], studying
the hydrogenation of long chain alkadienes over Mo nitrides, reported an up to 54% increase in
conversion (relative to Pd/Al>O3) and enhanced selectivity to an alkene product that was governed
by the Mo’/Mo™" (m = 2,3) ratio. Hydrogenation activity of molybdenum nitrides can be linked to
a modification of electronic density and contraction of the d-band due to the interstitial
introduction of nitrogen in the Mo lattice [172], resulting in an increased capacity for Hz adsorption
[4]. Mo nitrides have now been successfully used to promote NO reduction [173, 174] and the
hydrogenation of CO [175] and ethyne [176]. The potential for MooN application in the selective
hydrogenation of polyfunctional reactants has also been flagged [177]. Guerrero-Ruiz et al. [58]
reported high selectivites to the less thermodynamically favored crotyl alcohol (from
crotonaldehyde) over mesorporous carbon supported Mo nitride and correlated this to a
preferential activation of the C=0 group on the (200) plane. Taking the possible allotropic forms,
cubic -MooN has been the more widely studied [58, 173-177] in terms of hydrogen mediated
catalytic applications. However, Mckay et al. [38] have reported a higher catalytic activity for
(tetragonal) p-Mo,N when compared with &MoN and )-MooN in ammonia synthesis. A
comprehensive search through the literature failed to unearth any instance where Mo nitride has
been used in the liquid phase catalytic hydrogenation of nitroarenes. Results have been recently
reported [ 178] for the gas phase hydrogenation of p-CNB over /~-Mo2N, where reaction exclusivity
in terms of p-CAN as (the only) product has been recorded. That work is extended here by

considering the application of S-MooN to catalyze the liquid phase hydrogenation of p-CNB,
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where catalytic performance is assessed against a standard Pd/Al2O; catalyst. Furthermore, the
catalytic action of S-MoxN to promote —NO> group reduction for a series or para-substituted
nitroarenes has been investigated and the catalytic data have been subjected to a Hammett

treatment.

3.1.2. Experimental

3.1.2.1. Materials and Analytical Methods

The reactants (NB, p-nitrophenol, p-nitroanisole, p-nitrotoluene, p-CNB, p-iodonitrobenzene
and p-dinitrobenzene, Sigma Aldrich > 98%) and solvent (ethanol, Sigma Aldrich > 99%) were
used as supplied, without further purification. All the gases used in this study (H2, N>, Ar, O and
He) were of ultra high purity (>99.99%, Carbagas). The composition of the reaction/product
mixtures was determined using a Perkin-Elmer Auto System XL chromatograph equipped with a
programmed split/splitless injector and a flame ionization detector, employing a Stabilwax (Cross-
bond Carbowax-PEG, Restek, USA) capillary column (i.d. = 0.32 mm, length = 30 m, film
thickness = 0.25 um). Data acquisition and manipulation were performed using the TotalChrom
Workstation (Version 6.3.2 for Windows) chromatography data system. Reactant and product
molar fractions (x;) were obtained using detailed calibration plots (not shown) where the total mass
balance in the mixture (based on GC analysis) was analyzed for every extracted sample. The extent
of hydrogenation can be represented by the reactant fractional conversion where, taking p-CNB

(X,-cnB) as representative reactant
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and selectivity in terms of p-CAN (S ¢,y ) as target product is given by

Sp-can :Xp—CAN/ Z X (3.1.2)

products

The concentration of organic species in the bulk liquid phase (C;, mol dm™) was determined

assuming that the density was constant and equal to that of p-CNB (pp-cvs = 1.298 g cm™) [179]
Co =% %(Ppcne/Mpens) (3.1.3)
and M).cng represents p-CNB molar mass.

3.1.2.2. Catalyst Preparation

a. f-Mo2N

Mo nitride synthesis was conducted in a horizontally mounted quartz reactor via the
temperature programmed reduction-nitridation of MoO3 (99.9995%, Alfa Aesar) in a continuous
flow of Ho+N; at atmospheric pressure. The precursor (ca. 4 g MoO3) was loaded into the tubular
reactor (30 cm X 1 cm i.d.) and heated in 30 cm® min™ (Gas hourly space velocity (GHSV) = 460
h™!, Bronkhorst mass flow controlled) 15% v/v No/H; at 5 K min™! to 933 K, maintaining the final
temperature for 100 h. The reaction was quenched by switching to an Ar flow (30 cm?® min™') for
1 h and cooling to room temperature. Samples for off-line analysis were passivated (at 293 K) in
1% v/v Oy/He; there was no detectable temperature increase during sample passivation. The latter
step was introduced to avoid uncontrolled sample oxidation upon exposure to air [180]. Prior to
use, the nitride was activated in 60 cm® min™' H; at 2 K min™' to 673 K and maintained at the final

isothermal hold for 1 h.
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b. Pd/Al2O3

The AlO3 support was obtained from Sigma-Aldrich and used as received. Five Pd
supported samples (0.1, 0.5, 1, 2 and 4% wt.) were synthesized by deposition of ex-situ prepared
monodispersed Pd’ nano-particles. An aqueous solution of PdCl, (Fluka, >99%) and
NaxMoO4-H>O (Fluka, >99%) (Pd/Mo mol ratio = 1) was heated at ca. 368 K (under continuous
stirring) until complete evaporation. The solid residue was dissolved in water and contacted (at
room temperature) with a continuous flow of Hz (100 cm® min™') for 30 min. This procedure has
been demonstrated [181] to result in the formation of uniform Pd® nano-particles stabilized by
molybdate anions. Pd nano-particle deposition was achieved via adsorption where the Al,O3
support (ca. 2 g) was immersed in a stirred aqueous solution (ca. 500 cm®) containing the target
Pd loading until the solution was colorless (ca. 2 h), i.e. complete deposition. The slurry was then
filtered, dried in air at room temperature and sieved into a batch of 75 pm average diameter. Prior
to use, the catalyst was activated in 60 cm® min™ H» at 2 K min™! to 493 K and maintained at the

final isothermal hold for 1 h.

3.1.2.3. Catalyst Characterization

Nitride elemental (nitrogen) analysis was determined using an Exeter CE-440 Elemental
Analyzer after sample combustion at ca. 1873 K. The Pd content (in Pd/Al,O3) was measured by
absorption atomic spectroscopy (AAS) using a Shimadzu AA-6650 spectrometer with an air-
acetylene flame from the diluted extract in aqua regia (25% v/v. HNO3/HCI). Temperature
programmed reduction (TPR), H> chemisorption, temperature programmed desorption (TPD) and
BET surface areas were obtained using the CHEM-BET 3000 unit. The characterization
measurements were carried out in situ following the reduction/nitridation/passivation steps. TPR

analysis was conducted by heating the sample in 17 cm?® min™! 5% v/v H2/N; at 2 K min™! to 673
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K (f-Mo2N) or 493 K (Pd/Al,03). The exit gas passed through a liquid N trap and changes in H»
consumption/release were monitored by TCD with data acquisition/manipulation using the TPR
Win™ software. The reduced samples were maintained at the final temperature until the signal
returned to baseline. The samples were then swept with 65 cm® min™! N for 1.5 h, cooled to room
temperature and subjected to H, chemisorption using a pulse (10 pl) titration procedure. Hydrogen
TPD was conducted in a N2 flow (65 cm® min™') at 50 K min™! to 873 K. BET areas were recorded
with a 30% v/v N2/He flow using pure N as internal standard. At least two cycles of N2 adsorption-
desorption in the flow mode were employed to determine total surface area using the standard
single point method. Pore volume measurements were performed using the commercial
Micromeritics Flowsorb II 2300 unit. Prior to analysis, the samples were outgassed at 423 K for 1
h and the total pore volume was obtained at a relative N» pressure (P/Pp) = 0.95. BET surface area,
pore volume and H> consumption/release measurements were reproducible to within £ 5%; the

values quoted represent the mean.

Powder X-ray diffractograms (XRD) were recorded on a Bruker/Siemens D500 incident
X-ray diffractometer using Cu Ko radiation. The samples were scanned at a rate of 0.02° step!
over the range 20° < 20 < 90° (scan time = 5 s step™'). Diffractograms were identified using the
JCPDS-ICDD reference standard, i.e. /-Mo2N (25-1368), Pd (46-1043) and 6-Al,O3 (47-1770).
Lattice parameters were determined by means of the CELLREF software and used to determine
the crystal structure of the S-MooN using the CrystalMaker software. X-ray photoelectron
spectroscopy (XPS) analyzes were conducted on an Axis Ultra instrument (Kratos) using a
monochromatic Al Ko X-ray source (1486.6 eV). Prior to analysis, the nitride sample was adhered

to a conducting carbon tape, mounted in the sample holder and subjected to ultra-high vacuum

conditions (<1078 Torr). The source power was maintained at 150 W and the emitted photoelectrons
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were sampled from a square area of 750x350 um?; the photoelectron take-off angle was 90°. The
analyzer pass energy was 80 eV for survey spectra (0 - 1000eV) and 40 eV for high resolution
spectra (over the Mo 3d32 and Mo 3ds, binding energy (BE) range, 227-239 eV). The adventitious
C Is peak was calibrated at 284.5 eV and used as internal standard to compensate for any charging
effects. Spectral curve fitting and quantification employed the CasaXPS software, using relative

sensitivity factors provided by Kratos.

Analysis by scanning electron microscopy (SEM) was conducted using a Philips FEI
XL30-FEG equipped with an Everhart-Thornley secondary-electron detector operated at an
accelerating voltage of 10-15 kV and a NORAN System SIX (version 1.6) for data analysis. The
samples were subjected to a hydrocarbon decontamination treatment using a plasma-cleaner
(EVACTRON). Transmission electron microscopy measurements were performed using a JEOL
JEM 2011 HRTEM unit with a UTW energy dispersive X-ray detector (Oxford Instruments)
operated at an accelerating voltage of 200 kV using Gatan DigitalMicrograph 3.4 for data
treatment. The specimens were prepared by dispersion in acetone and deposited on a holey
carbon/Cu grid (300 Mesh). Up to 400 individual Pd metal particles were counted for each catalyst

and the mean metal diameter (dtem) was calculated from:

2nid;
Oy =~
TEM >n 3.14)

where 7; is the number of particles of diameter d;. The size limit for the detection of Pd particles is

ca. 1 nm.
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3.1.2.4 Catalytic System

Liquid phase hydrogenation reactions (7' = 423 K; B, = 11 bar) were carried out in a

commercial semi-batch stirred stainless steel reactor (100 cm?® autoclave, Biichi AG, Uster,
Switzerland) equipped with a pressure controlled H> supply system. Madon and Boudart
demonstrated [182] that, for heterogeneous catalytic systems operating with negligible mass
transfer limitations, a proportional correlation between activity and the number of active sites can
be established for a series of catalysts with different metal content but similar dispersion, i.e.
invariant specific activity. Taking this approach, the (0.1-4% wt.) Pd/Al>O3 catalysts were used to
determine working conditions where the reaction proceeded under kinetic control. The associated

linear relationships (not shown) established reactor operation in the absence of mass transfer

constraints for hydrogenation rates < 72 x 10° umol o, mol™ min~". Detailed testing to determine

the activity/selectivity response employed 1% wt. Pd/AL>O; as a representative catalyst. Hydrogen
consumption in the reactor vessel was monitored on-line with a press flow gas controller (BPC-
6002, Biichi, Switzerland) and a stainless steel 6-blade disk turbine impeller (equipped with a self-
gassing hollow shaft) provided effective agitation at 1800 rpm. A recirculator (HAAKE B-N3)
was used to stabilize the reaction temperature to within + 1 K using oil (Shell Thermia; thermal
conductivity = 0.45 kJ m™ h! K'!; specific heat = 2.4 kJ kg™! K'!) as the thermal medium. At the
beginning of each experiment, a 60 cm? ethanolic solution of the nitroarene reactant was charged
and flushed three times with N> under constant agitation. The catalyst was activated ex-sifu in a
quartz reactor (300 mm length; i.d. = 10 mm; 60 cm® min™' Ha; GHSV = 200 h!) to 493 K
(Pd/ALLO3) or 673 K (S-Mo2N) at 2 K min™!, cooled to room temperature and kept in an inert (N2)
atmosphere. The catalyst was then fluidized in a flow of N, transferred to the reactor and the

temperature was stabilized (ca. 45 min) under gentle stirring (ca. 300 rpm). Hydrogen was then
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introduced, the system was pressurized (to 20 = 0.5 bar, up to 20 times in excess of the
stoichiometric requirements for hydrogenation to the respective amine) and stirring (at 1800 rpm)
was engaged (time ¢ = 0 for reaction). In a series of blank tests, reactions carried out in the absence
of catalyst did not result in any measurable conversion. The initial -NO>/Mo2N (or Pd) molar ratio
spanned the range 0.2 - 480. A non-invasive liquid sampling system via a syringe with in-line filters
allowed a controlled removal of aliquots (< 0.5 cm?) from the reactor. Repeated reaction runs with
the same batch of catalyst delivered conversion/selectivity values that were reproducible to within

+ 5%.

3.1.3. Results and Discussion

3.1.3.1 Catalyst Characterization
a. f~-Mo2N

BET area-pore volume/ XPS/TPR

The BET area associated with the as prepared nitride (7 m? g!, see Table 3.1.1) is close
to that reported in the literature (9 m? g') [13] for S-Mo:N synthesized via temperature
programmed treatment of MoOs in N2/Hz. No published pore volume data could be found with
which to compare our measurement (0.02 cm? g!). Z-MoaN passivation was conducted in a flow
of diluted (1% v/v) Oz (see Experimental section) to generate a protective oxide film on the nitride
surface and circumvent bulk oxidation [12]. This passivation layer has been characterized as
chemisorbed oxygen associated with Mo surface atoms [19, 183]. XPS analysis was conducted to
characterize the passivated nitride surface and the spectra over the Mo 3d (Mo 3d32 and 3ds2) BE
region for the MoOs; precursor (A) and passivated S-MooN (B) can be compared in Figure 3.1.1;

the associated BE values are given in Table 3.1.1.
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ﬂ-MOzN Pd/A1203

Error
Nitrogen content (% w/w)? 5 - +03
Pd loading (% w/w)° - 0.92 +£0.02
BET (m? g') 7¢ (3)¢ 157 L1
Pore volume (cm® g'!) 0.02 0 £ 0.005
Tnax (K) 637 332 1]
TPR
H; consumed (umol g!) 303 - £
H; chemisorption (umol g'!) 0.29 3.90 £001
ngx (K) 750, 806, 900 = :l: 1
TPD
H: desorbed (umol m™) 0.7 - +0.05
Pd size range (nm) - 3-30 £05
dtEm (nm) - 18 +23
XPS Mo 3ds» BE (eV) 228.5,233.0 - 101

“from elemental analysis; *from AAS; cactivated nitride; Ypassivated nitride

Table 3.1.1. Nitrogen content, Pd loading, BET surface area, total pore volume, characteristic
temperature programmed reduction (TPR) 7y with associated H, consumption, H> uptake/TPD
measurements, Pd particle size range and mean (drem) and XPS binding energies associated with

L/-MooN.

The XPS profile for MoO3 exhibits a single spin-orbit doublet (Mo 3ds:3d32 = 3:2, Mo
atom % = 27, O atom % = 73) with a Mo 3ds» BE = 233.0 eV that is characteristic of Mo®" [184,

185]. The XPS profile for the passivated f-Mo>N (Figure 3.1.1(B)) shows a second predominant

doublet at a lower binding energy (Mo 3ds» =228.5 eV).

43



Chapter 3.1: Hydrogenation of Aromatic Nitro-compounds over [-Molybdenum Nitride

Mo 3d
233.0 eV

Intensity (a.u.)

T T T T T T T T
239 236 233 230 227

Mo 3d,,
228.5 eV

Mo 3d 5
233.0eV

Intensity (a.u.)

T T T T T T T T T
239 236 233 230 227

Binding Energy (eV)

Figure 3.1.1. XPS spectra in the Mo 3d region of (A) MoOs3 and (B) passivated /-Mo2N. Note:
Experimental values are represented by solid lines and dotted lines illustrate peak deconvolution

from curve fitting analysis.

While the XPS peaks for Mo®" in MoOs are strong and well defined, they are noticeably
less intense in the passivated -MooN and the strong signal at lower BE can be associated with
nitride character (lower Mo oxidation state). Li ef al. [171] using an advanced deconvolution to
resolve a single Mo 3ds; signal for the XPS analysis of Mo nitrides and carbides reported a range

of Mo™" oxidation states (m varying from 0 to 6) assigned to BE values in the range 227.8-233.1
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TCD signal (a.u)

eV. McKay et al. [62], in their XPS analysis of passivated MozN films on ZSM-5, also recorded a
residual Mo®" doublet (Mo 3ds,» at 233.0 eV) that they attributed to the passivating oxide layer,
which was readily removed by brief Ar ion etching. Post-passivation, there was a measurable
decrease in BET (from 7 to 3 m? g'!), as observed elsewhere [186]. Choi et al. [187] have suggested
that a reduction in surface area is the result of Oz dissolution in Mo2N. The removal of the
passivating layer was investigated by TPR and the result is presented in Figure 3.1.2(A). The TPR
profile exhibits a broad positive (hydrogen consumption) peak with T, = 637 K, which can be
ascribed to the reduction of the surface oxide layer with water release [183]. It should be noted
that higher temperatures (by up to 673 K) are required for MoOs3 reduction [188], consistent with
a more facile removal of the superficial passivating layer. Gong and co-workers [13] observed a
single reduction peak (at 700 K) during the TPR of passivated /-Mo>N while Colling et al. [19]
reported the desorption of H>O associated with the reduction of the passivated surface of ~-Mo2N
at 7>400 K. As the TPR signal returned to baseline in the isothermal hold (see Figure 3.1.2(A)),

a final temperature of 673 K was deemed to be sufficient for f-Mo2N activation.

933 K
o —_ (B) 806 K/"”’[;—%o
@D S P
3 < P
S L
3 g - 700
= 5
S >
3 O -500
2 =
- 300
0 100 200 0 : " -
time (min) me (i

Figure 3.1.2. (A) TPR profile for passivated f~-Mo>N and (B) TPD from activated -MooN.
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Chapter 3.1: Hydrogenation of Aromatic Nitro-compounds over [-Molybdenum Nitride

Elemental Analysis/XRD/TEM/SEM

The bulk nitrogen content for /-MozN obtained from elemental analysis (5% w/w) was
close to the surface content (ca. 8% w/w) obtained by XPS and is in accordance with reported
values [12, 13]. The XRD pattern of the passivated nitride (Figure 3.1.3(A)) corresponds to the
F-MooN reference (JCPDS-ICDD, 25-1368) with reflections at 37.7°, 43.1°, 45.3°, 62.7°, 64.3°,
75.5°, 78.6° and 80.5° associated with the (1 12),(200),(004),(220),(204),(312),(116)
and (2 2 4) planes. There was no evidence of any bulk oxide (MoO3 or M0QO), confirming that the
oxide precursor had been completely converted to the nitride where the passivation procedure
resulted in a superficial (as opposed to bulk) oxidation as indicated by the XPS measurements.
While the XRD results are consistent with /-Mo;N synthesis, the characteristic diffraction peaks
for the f-form are very close to those of the y-allotrope. In order to check for a possible y-nitride
content, the passivated nitride was subjected to a single crystal analysis using the CELLREF
software for lattice parameter optimization. The results are given in Table 3.1.2, where the residual
error when adjusting the d-spacing to tetragonal S-Mo2N is up to 50 times lower than that for cubic
7~-MooN. Indeed, the results actually show a better adjustment to S-MoxN for the passivated sample
relative to the JCPDS-ICDD standard (25-1368). The crystal structure of the tetragonal f-Mo>N
unit cell obtained from the lattice parameters extracted by simulation with CELLREF is shown as
an inset in Figure 3.1.3(A), where the atomic arrangement has been established following
Ettmayer’s approach [189]. A representative high resolution TEM image is presented in Figure
3.1.3(B), where the associated diffractogram pattern has been included as an inset. The d-spacings
(0.24, 0.21 and 0.20 nm) between the planes in the atomic lattice match, respectively, the (112),
(200) and (004) planes of /-Mo,N. Morphological features were assessed by SEM analysis and

the results are presented in Figure 3.1.3(C). The micrograph reveals an agglomeration of flake-
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like ensembles in the micron range (ca. 1-5 um; see enlarged image in the inset). A similar
structure has been reported elsewhere for f-MoxN [38, 39] and associated with water release
during the reduction of MoOs, which precedes the nitridation step. This results in a significant
disruption to the platelet orthorhombic crystal structure that characterizes the starting MoOs, i.e. a
non-topotactic transformation [178]. This differs from published findings [41, 49] where the

platelet morphology was maintained.

( A) (112)

Intensity (a.u.)

Figure 3.1.3: (A) XRD pattern with tetragonal crystal unit cell, (B) representative TEM image (with
diffractogram pattern) and (C) SEM micrograph (with magnified image as inset) of f-MoxN. Note:

XRD peak/plane assignments are based on JCPDS-ICDD standard for f-MooN (25-1368).
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Cubic »-MooN Tetragonal S-MooN
Residual Error (%) Residual Error (%)
hkl hkl
25-1366* This work 25-1368* This work
111 0.09 0.18 112 0.13 0.01
200 0.06 0.47 200 0.10 0.02
220 0.08 0.54 004 0.05 0.02
311 0.17 0.40 220 0.03 0.04
222 0.09 0.15 204 0.02 0.03
312 0.08 0.01
116 0.01 0.02
224 0.08 0.03
Lattice a=4.192 a=4.196
a=4.168 a=4.144
Parameters ¢ =28.039 ¢ =8.008

3 JCPDS-ICDD standard reference

Table 3.1.2: Lattice parameters and residual error associated with the main planes for -Mo,N
and /-MozN obtained from the JCPDS-ICDD reference and the Mo nitride synthesized in this

work.

Hydrogen chemisorption/TPD

Post-TPR, B-MoxN exhibited a measurable ambient temperature H> uptake (0.29 pmol g™!,
Table 3.1.1). It was not possible to find any comparable measurement of H> chemisorption on
F-MoxN in the literature. We should, however, flag the work of Li. ef al. [24] who demonstrated
room temperature hydrogen adsorption on MozN, although the crystallographic phase was not
identified. In addition, Saito and Anderson [190] recorded an uptake of 14.3 pmol g on

%Mo2N+Mo (BET = 7.3 m? g'!). The dynamics of H» adsorption on group VI metal nitrides is still
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not well understood. Furimsky in his review [4] has considered H> activation on nitrogen deficient
Mo-N sites, which leads to a heterolytic interaction with possible dissociative adsorption. The
limited published work suggests that H> chemisorption capacity is dependent on temperature [191]
and nitride surface area [59]. Li et al. [17], studying H» adsorption on f-Mo2N, recorded an order
of magnitude greater uptake (from 12 to 173 umol g!) with increasing temperature (308 K — 623
K) that they attributed to the formation of a stable hydride phase in the nitride sub-surface.
Temperature programmed desorption analysis, subsequent to H> chemisorption, demonstrated a
significant quantity of H» associated with f-MoxN (see Figure 3.1.2(B) and Table 3.1.1) where
the amount desorbed was appreciably greater (by up to a factor of 20) than that measured by
chemisorption and must result from hydrogen uptake during TPR. The total H> desorbed (0.7 pmol
m™) is close to that reported (0.8 umol m) by Li and co-workers. [17]. The TPD profile presents
a broad peak, extending from ca. 700 K into the final isothermal hold (933 K) with a Ty at 806
K and two shoulders at 750 K and 900 K. This response suggests the release of a hydrogen
component that interacts to varying degrees with S-MooN. The possibility of strongly bound
hydrogen species in the sub-layers and/or bulk Mo>N has been proposed [24]. Choi et al. [20]
observed a high temperature peak (at ca. 800 K) for H» TPD from a f/~MoisN7 thin film and
associated this with hydrogen desorption from high energy sub-surface sites. Li et al. [24]
demonstrated that hydrogen adsorbed at room temperature desorbed in the temperature range 600-
773 K and suggested a surface dissociative adsorption on Mo-N pairs with migration from low to
high energy sites. Moreover, Haddix and co-workers [22], using NMR to probe hydrogen
interaction with Mo2N, concluded that strongly bound hydrogen atoms can be generated at room
temperature, occupying ca. 10% of the total (BET) surface area, suggesting adsorption at nitrogen

deficient sites on the surface. A depletion in nitrogen content has been suggested for thermal
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treatments (77 >823 K) [19, 20, 183]. There was no detectable (by XRD) alteration to nitride
structure resulting from the TPD measurements in this study and no significant change in nitrogen

content (from elemental analysis).

b. Pd/ALO3

A 1% w/w Pd/Al,0O; was chosen as a reference catalyst against which the catalytic
performance of S-MoxN was assessed; critical structural characteristics are given in Table 3.1.1.
The BET area (157 m? g'!) is within the range (75-178 m? g'!") of values reported in the literature
for ~Al,03 [192, 193]. The recorded TPR profile is shown in Figure 3.1.4(A) and presents a

single sharp negative peak (H> release) at 332 K, which can be ascribed to the decomposition of
Pd hydride formed by H» absorption where PH2 >0.013 atm [194]. Hydride composition (H/Pd

molar ratio) is dependent on Pd particle size where an increase in Pd dispersion is accompanied by
a concomitant enhancement in surface-to-bulk atom ratio with a decrease in the void space
available for H» diffusion in the metal cluster [195]. The value recorded in this study (= 0.31 pmoly
umolpg™) is significantly lower than that reported [196, 197] for bulk Pd (0.66 - 0.73 umoln pmolpq”
1), suggesting the presence of a well dispersed Pd phase. There was no evidence of any H»
consumption prior to hydride decomposition, confirming the presence of Pd’ in the as-prepared
sample (see Experimental section). Hydrogen chemisorption was an order of magnitude greater
than that recorded for S-MoxN (see Table 3.1.1) and close to the value reported (0.3 mmol gpq™!)
elsewhere [148] for Pd/Al,Os prepared by standard impregnation (drem = 20 nm), suggesting a
similar metal dispersion to the catalyst used in this study. Indeed, a Pd particle size of ca. 14 nm
was calculated from Ha chemisorption (dehem= 6/(Spa X ppa) Where ppa = 12.02 gpq cmpqg™), assuming
spherical morphology [195, 198] and exclusive dissociative adsorption (H2:Pd = 1:2) [199, 200].

XRD analysis generated the diffractogram shown in Figure 3.1.4(B), which is dominated by a
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peak at ca. 67° due to the (442) plane of &~AlxO;. In addition to the support peaks, there are
reflections due to a Pd metal phase, i.e. at 26 = 40.1°, 46.7° and 82.1° corresponding to (111),
(200) and (311) planes, respectively. The representative TEM micrograph shown in Figure
3.1.4(C) demonstrates that Pd is present as discrete particles (< 30 nm) with a mean size of 18 nm

(Table 3.1.1) that is consistent with the H> chemisorption measurement.

(A) (B)
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Figure 3.1.4: (A) TPR profile for Pd/Al,Os; (B) XRD diffractograms for (I) activated Pd/Al,O3
and JCPDS-ICDD reference for (II) 6-Al,0O3 (47-1770) and (IIT) Pd (46-1043); (C)

representative TEM image of Pd/AL>O:s.
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3.1.3.2 Catalyst Activity/Selectivity

a. Hydrogenation of p-Chloronitrobenzene

The observed capacity of /-MozN for hydrogen uptake/desorption (Table 3.1.1) suggests
a catalytic hydrogenation capability that was tested in the batch liquid phase conversion of p-CNB,
as a model reactant; the temporal variation of p-CNB concentration is shown in Figure 3.1.5(A).
100% p-CAN yield was achieved with no evidence of aromatic ring hydrogenation and/or or
hydrogenolysis of the —CI or —-NO; substituents. This ultraselective response, in terms of —-NO>
group reduction, is a significant finding when considering the number of studies dealing with liquid
phase catalytic p-CNB hydrogenation where C—Cl bond scission has been a feature of reaction
over mono- (Ni [158], Pd [201], Pt [202] and Ru [203]) and bi- (Pt-X; X= Cr, Mn, Fe, Co, Ni and
Cu [204] and LaNiB [158]) metallic catalysts. The target amine product ( p-CAN) is a high
production volume compound used in the manufacture of a range of pesticides, herbicides,
pigments, pharmaceuticals and cosmetics [205]. Catalytic activity was quantified in terms of the
initial p-CNB hydrogenation rate (Rp-cvz = 3.1 x 10° mol dm™ min™"), determined from a linear
regression of the temporal p-CNB concentration profile (see inset to Figure 3.1.5(A)). In order to
fully evaluate the performance of /-MoxN, the catalytic response was compared with that of an
established hydrogenation catalyst (Pd/Al,O3) under the same reaction conditions. Indeed,
supported Pd has been extensively used to promote the liquid phase hydrogenation of substituted
nitroarenes [165, 167, 169, 206], including p-CNB [165, 207, 208]. The temporal concentration
profiles for the conversion of p-CNB are shown in Figure 3.1.5(B), where it can be seen that the
activity in terms of p-CNB consumption was significantly higher for Pd/Al>O3. This can be linked
to the greater hydrogen chemisorption capacity exhibited by Pd/Al>O3 (Table 3.1.1). However,

while the nitride delivered 100% yield to the target p-CAN, Pd/AlbO; promoted
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yield to p-CAN at complete p-CNB conversion.

hydrodechlorination with the formation of NB and subsequent hydrogenation to AN with a 78%
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Figure 3.1.5: Temporal variation of p-CNB (A), p-CAN (A), NB (W) and AN ()

concentration (C;) for reaction over (A) f-Mo2N and (B) Pd/ALOs. Inset to Figure 5(A): linear

fit to temporal Cp.cns used to obtain initial rate (Rp-cnB); PH2 =11 bar, T=423 K, p-CNB/f-

MooN = 0.2 mol ¢ Mol5, , p-CNB/Pd = 480 mol s Mol

As emphasized by Somorjai and Kliewer [209], maximising selectivity to high value

products is the critical challenge in 21% century chemical processing. The increasing sustainability
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demand placed on the chemical sector is the driver for improved selectivity to avoid costly
downstream separations, clean up and disposal. Any step change improvement in catalysis must
address crucial selectivity issues. These results serve to demonstrate the selective catalytic
hydrogenation action of f-Mo2N and the potential for cleaner amine synthesis.

b. Hydrogenation of para-Substituted Nitrobenzenes: A Hammett Treatment.

In order to quantify the effect on reactivity due to the presence of a second functionality in
the para-position, the hydrogenation of a series of para-substituted (-H, -OH, -O-CH3s, -CH3, -Cl,
-I and -NO») nitrobenzenes was investigated over f~-Mo2N and applied the Hammett relationship.
The Hammett correlation is a practical tool that can be used to predict rate and equilibrium constants
[210, 211] and elucidate reaction mechanisms [212] without prior experimental determination. In
this approach, the initial hydrogenation rate (to the amine) for substituted nitroarene reactants (R;)

is related to that recorded for the reference benzene derivate (Ry, NB in this case) according to
R.
In[ﬁ!} = P XO; 3.1.5)

where 6; and p are the substituent and reaction constants, respectively. The o; factor is an empirical
parameter that is dependent on the substituent position on the ring and electron donating/acceptor
character [213]; reference values are available in the literature [212, 213]. The p term, or reaction
constant, is a measure of the susceptibility of the reaction to substituent electronic effects [214].
When the transition state is negatively charged, the reaction rate is accelerated by electron-
withdrawing substituents and p > 0. Although initially conceived for non-catalytic reactions, the
applicability of the Hammett approach has been demonstrated for catalyzed homogeneous [211,
215, 216] and heterogeneous [217, 218] processes in both gas [215-217] and liquid [211, 218]

phase operation. Of direct relevance to this study is the work of Lopidana ef a/. [219] and Belousov
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et al. [220] who demonstrated adjustment to the Hammett equation for the liquid phase
hydrogenation of polysubstituted nitroarenes over Pt/SiO2-AIPOs4 and Re thiocomplexes,
respectively. The applicability of the Hammett relationship to the nitroarene hydrogenation rate
data generated using f-MozN is demonstrated in Figure 3.1.6. The slope of the linear fit gives a
positive value for p (= 0.4), which is consistent with a nucleophilic mechanism as proposed
elsewhere [221], i.e. hydrogen acting as nucleophilic agent that attacks the activated -NO» group

with the formation of a negatively charged intermediate.
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Figure 3.1.6: Hammett plot for the selective -NO2 group reduction of para-substituted

nitroarenes over f-MoxN at 7=423 K.

The p value obtained in this study is comparable to those reported for the liquid phase

hydrogenation of nitro-aromatics over unsupported iron oxide hydroxide [222] and Re

thiocomplexes [220] (0.24-0.55) and Pt/SiO2-A1POs4 (0.1-2.0 [219]) and gas phase operation over
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Au/Ti0O2 (0.93) and Ag/Ti0; (0.22) [223]. This suggests an analogous reaction mechanism for the
formation of amines in these heterogeneous catalysts systems. A first insight into the nitroarene
hydrogenation mechanism over S-Mo;N was provided here with far ranging implications for

processes in the agrochemical, fine chemical and pharmaceutical sectors.

3.1.4. Conclusions

[/-MoxN was synthesized by the temperature programmed treatment (to 933 K) of MoOs
in No/Hz (15% v/v) to deliver a crystalline product (BET = 7 m? g'!; pore volume = 0.02 cm® g!),
characterized by an agglomeration of flake-like structures (1-5 um). The passivated (in 1% v/v O2)
nitride exhibited a residual Mo®" content that can be attributed to the superficial oxide layer where
XPS analysis indicates a lower Mo oxidation state for /-MooN. Temperature programmed
reduction to 637 K was necessary to remove the passivation layer and TPD measurement has
revealed a significant quantity of hydrogen (0.7 pmol m) associated with the activated $-MoN.
The Mo nitride was used as a catalyst in the liquid phase hydrogenation of p-CNB where 100%
selective with respect to —NO> group reduction was achieved at complete conversion of the
nitroarene. In contrast, Pd/Al,Os (BET area = 157 m? g'!, total pore volume = 0.2 m* g'!, mean Pd
particle size ca. 18 nm), used as a benchmark catalyst, was non-selective and generated NB and
AN (from p-CNB) from a combined hydrodechlorination/hydrogenation. The hydrogenation of a
range of para-substituted (-H, -OH, -O-CH3, -CH3, -Cl, -1 and -NO3) nitrobenzenes over /-Mo>N
proceeded via a nucleophilic mechanism where the presence of electron withdrawing ring
substituents served to elevate rate, as demonstrated by the linear Hammett relationship and positive
reaction constant (p= 0.4). These results demonstrate the potential of S-MooN to promote the clean

production of amino-compounds with multiple industrial applications.
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3 2 Au/Mo2N as a New Catalyst Formulation for the
* Hydrogenation of p-CNB in both Liquid and Gas Phase

Abstract

The batch liquid phase hydrogenation of p-chloronitrobenzene over Mo2N resulted in the
sole formation of p-chloroaniline. Incorporation of Au nanoparticles (mean size = 8 nm) enhanced
hydrogen uptake with a four-fold increase in rate, retention of ultraselectivity with stability over
repeated reaction cycles. Reaction exclusivity to p-chloroaniline extended to continuous gas phase
operation where Au/Mo2N outperformed Au/Al>O3 as a benchmark. Under the same conditions,
Pd/MooN  was non-selective, generating nitrobenzene and aniline via combined
hydrodechlorination and hydrogenation. These results demonstrate the viability of Au/Mo2N as a

new catalyst formulation in selective substituted nitroarene hydrogenation.
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Chapter 3.2: Au/Mo:N for the Hydrogenation of p-Chloronitrobenzene in Liquid and Gas Phase.

3.2.1. Introduction

Catalysis has a crucial role to play in sustainable chemical manufacture where
chemoselectivity, the ability to react one functional group while preserving other (often more
reactive) functionalities, is a major challenge [209]. Indeed, the appreciable waste resulting from
the conversion of nitroarenes, the focus of this study, led Sheldon [224] to introduce the concept
of the E(nvironmental) Factor (kg waste/kg product), which highlighted the severe environmental
impact associated with the production of substituted amines as high value chemical commodities
[141]. Taking the hydrogenation of chloronitrobenzenes as an example, nitroso- and
hydroxylamine- intermediates can undergo side reactions to generate  toxic
(dichloroazoxybenzene, dichloroazobenzene and dichlorohydrazobenzene) by-products [141].
Moreover, C—Cl bond scission results in the formation of nitrobenzene (NB) and aniline (AN) as
principal products [225]. A critical advancement in cleaner amine synthesis in batch operation
using oxide supported Au catalysts has resulted from the work of Corma et al. [226], who
demonstrated a preferential activation of -NO> with H» dissociation at low coordination Au sites
by in situ IR spectroscopy and theoretical calculations. A recent brainstorming exercise involving
the American Chemical Society (ACS), Green Chemistry Institute (GCI) and global
pharmaceutical corporations (the ACS GCI Pharmaceutical Roundtable) has highlighted the
switch from batch to continuous processing as crucial for the sustainable manufacture of fine
chemicals [227]. Adopting this imperative, -NO> hydrogenation chemoselectivity over Au in gas
phase continuous operation was established in previous studies [225, 228, 229]. Studies to date
have shown low hydrogenation activity for Au that can be ascribed to a restricted

activation/dissociation of H» [230], which is dependent on Au particle size [231]. Given that
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hydrogen activation can be a limiting factor, the use of a support for Au that can chemisorb H>

(increasing surface concentration) was explored as a possible route to higher hydrogenation rates.

Mo nitrides exhibit a significant hydrogen uptake capacity, which has been attributed to a
contraction of the d-band and modification of electron density as a result of the interstitial
incorporation of N in the Mo metal lattice [4]. The use of Mo nitrides in hydrogen mediated
reactions has been considered to some extent with evidence of catalytic activity for gas phase NO
reduction [173] and the hydrogenation of CO [175] and ethyne [176]. As Mo2oN can chemisorb
hydrogen and Au is selective for nitro-group reduction, the combination of Au with Mo nitride is
proposed in this study as a new catalyst formulation directed at elevating hydrogenation rate while
maintaining chemo-selectivity. Taking p-chloronitrobenzene (p-CNB) as a test reactant, the
catalytic action of Mo2N and Au/Mo>N was examined in both batch liquid and continuous gas
phase operation. The catalytic action of Au/MooN was also compared with Au/ALO; (as
benchmark [229]) to probe a possible support effect, i.e. Mo2N vs. AlbO3. Moreover, as Pd has
shown enhanced activity in —-NO; reduction [232], the catalytic performance of Pd/Mo,N was also

examined.

3.2.2 Experimental Section

3.2.2.1 Catalyst Preparation and Characterization

Mo:N was prepared by heating MoO3 (99.9995% w/w, Alfa Aesar) in 15 cm® min™ (GHSV
=1500 h!) 15% v/v N2/Hz at 5 K min™! to 933 K (18 h). Reduction/nitridation was quenched in Ar
(65 cm® min™), the sample cooled to room temperature and passivated (in 1% v/v O»/He) for off-
line analysis. Nitride passivation post-synthesis served to provide a superficial oxide film and was

required to avoid sample autothermal oxidation upon contact with air [233]. A suspension of
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HAuCls (300 cm?, 3X 10 M, Aldrich), aqueous urea (100 cm?, 0.86 M) and Mo,N was mixed (at
300 rpm) and heated (1 K min™) to 353 K (2.5 h). The solid was filtered and washed with distilled
water until the wash water was Cl-free (based on the AgNOs test), dried in He (45 cm® min™!) at
383 K for 3 h, sieved into a batch of 75 um average particle diameter and stored at 277 K under
He in the dark. PdA/MooN (2.5X 10 M Pd(NOs),, Aldrich) was synthesized following the same
protocol. For comparison purposes, Au supported on Al,O3 (Puralox, Condea Vista) was prepared

by standard impregnation with HAuCls as described previously [234], dried and stored as above.

Temperature programmed reduction (TPR) and H, chemisorption (at 290 K) measurements
were conducted using the commercial CHEM-BET 3000 (Quantachrome) unit. Samples were
activated in 17 cm® min™! 5% v/v Ho/N; at 2 K min™! to 493-673 + 1 K (1 h), swept with 65 cm?
min"! N (1.5 h) and cooled to room temperature. After TPR, the reduced samples were swept with
a 65 cm® min! flow of N, for 1.5 h, cooled to room temperature and subjected to H> chemisorption
using a pulse (10 pl) titration procedure. BET area was recorded in a 30% v/v N2/He flow and pore
volume determined at a relative N> pressure of 0.95 using a Micromeritics Flowsorb II 2300 unit.
Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident X-ray
diffractometer (Cu Ka radiation) and identified against JCPDS-ICDD standards (Mo2N (25-1368);
Au (04-0784)). Analysis by scanning electron microscopy (SEM) was conducted on a Philips FEI
XL30-SFEG operated at an accelerating voltage of 10-20 kV. The samples for analysis were
subjected to a hydrocarbon decontamination treatment using a plasma-cleaner (EVACTRON)).
Analysis of nitrogen content was performed using an Exeter CE-440 Elemental Analyzer after
sample combustion at ca. 1873 K. The Au and Pd content (supported on S-Mo2N or Al,O3 and in
solution during reaction) was determined by atomic absorption spectrometry (Shimadzu AA-6650

spectrometer) using an air-acetylene flame. High resolution transmission electron microscopy
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(HRTEM) employed a JEOL JEM 2011 unit operated at an accelerating voltage of 200 kV using
Gatan DigitalMicrograph 3.4 for data treatment. The specimens were prepared by dispersion in
acetone and deposited on a holey carbon/Cu grid (300 Mesh). The mean metal (Au or Pd) particle
size is given as surface area-weighted mean (d) [228] where over 200 individual metal particles

were counted for each catalyst.

3.2.2.2 Catalysis Procedures

Liquid phase reactions ( By =11bar;T=423K') were carried out in a commercial batch

stirred stainless steel reactor (100 cm® autoclave, Biichi AG, Uster, Switzerland). Operation under
negligible mass transfer resistance was established using the Madon and Boudart approach [182].
A stainless steel 6-blade disk turbine impeller equipped with a self-gassing hollow shaft provided
effective agitation at a stirring speed of 1800 rpm. A recirculator (HAAKE B-N3) was used to
stabilize the reaction temperature at 7 = 423 £+ 1 K. The initial catalyst/p-CNB ratio spanned the
range 320-1078 g mol!. Hydrogenation performance was assessed over three reaction cycles. In
the first cycle, the catalyst was activated ex-situ in a quartz tube (60 cm® min! Hy; GHSV = 200
h'') at 673 K, cooled to room temperature and transferred to the reactor in a flow of N». Hydrogen
consumption during reaction was monitored on-line with a press flow gas controller (BPC-6002,
Biichi, Switzerland). In a series of blank tests, reactions carried out in the absence of catalyst did
not result in any measurable conversion. A non-invasive liquid sampling system via a syringe with
in-line filters allowed a controlled removal of aliquots (< 0.5 cm?) from the reactor. After reaction,

the catalyst was filtered, reactivated as above and subjected to a second and a third reaction cycle.

Gas phase p-CNB hydrogenation was carried out (P, =1 bar;T=493K) in a fixed bed

vertical glass reactor (i.d. = 15 mm), operated under conditions of negligible heat/mass transport
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limitations. A layer of borosilicate glass beads served as preheating zone, ensuring that the organic
reactant was vaporized and reached reaction temperature before contacting the catalyst. Isothermal
conditions (= 1 K) were maintained by diluting the catalyst bed with ground glass (75 um); the
ground glass was mixed thoroughly with catalyst before insertion in the reactor. The reaction
temperature was continuously monitored using a thermocouple inserted in a thermowell within the
catalyst bed. p-CNB (Sigma-Aldrich, > 99%) in ethanol (Sigma Aldrich, > 99.8%) was delivered
at a fixed calibrated flow rate via a glass/teflon air-tight syringe and teflon line using a
microprocessor controlled infusion pump (Model 100 kd Scientific). A co-current flow of p-CNB
and ultra pure Hz (<1% v/v organic in Hy) was maintained at GHSV = 330 min! with a catalyst
mass to inlet p-CNB molar rate (W/F) in the range 8x10°-8x10* g mol™! min. Product composition
was determined using a Perkin-Elmer Auto System XL chromatograph equipped with a
programmed split/splitless injector and a flame ionization detector, employing a DB-1 capillary
column. Repeated reactions with the same batch of catalyst delivered conversion/selectivity values

that were reproducibility to within + 7%.

3.2.3. Results and Discussion

3.2.3.1 Catalyst Characterization

The formation of Mo2N was confirmed by XRD (see Figure 3.2.1(Al)) where signals over
the range 20 = 38°-81° can be assigned to the eight principal planes of S-nitride (JCPDS-ICDD
25-1368). The representative TEM image in Figure 3.2.1(AIl) coupled with diffraction analysis
(ITa) establish a spacing of 0.24 nm between the planes in the atomic lattice that is characteristic
of the S-MoxN (112) plane. Moreover, nitrogen content (5.4% wt.), BET surface area (7 m? g'!)

and pore volume (0.02 cm® g'!) are close to those quoted in the literature for molybdenum nitride
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[39]. The SEM micrograph of the as-prepared sample is presented in Figure 3.2.1(A)III and shows
an agglomeration of crystallites < 5 um (see IIla). As the starting MoOs is characterized by a
platelet morphology [11], the reduction/nitridation process (MoO3 — MoO, — Mo — Mo;N)
resulted in a non-topotactic transformation where the precursor orthorombic crystal structure was
not maintained [178]. Temperature programmed reduction (TPR) of Mo2>N (Figure 3.2.2, profile
I) generated a single peak at Tmax = 637 K that can be associated with hydrogen consumption for
the removal of the passivation overlayer [19]. It has been proposed [23] that passivation of Mo2N
results in the formation of one or two chemisorbed oxygen monolayers. The incorporation of Au
(0.25% w/w, see Table 3.2.1) with Mo2N induced a shift in the main hydrogen consumption peak
(by 34 K) to a lower temperature, demonstrating a more facile removal of the passivating oxygen
due to the presence of Au (Figure 3.2.2, profile II). Although no directly comparable TPR analysis
could be found in the open literature, these results are in line with the work of Wang et al. [235]
who recorded a decrease in the reduction temperature (up to 150 K) of the passivation layer due to
the inclusion of Ni. Chemisorption measurements have revealed a measurable increase in the
amount of hydrogen uptake due to the inclusion of Au (Table 3.2.1), a result that suggests the
presence of well dispersed Au nanoparticles (<10 nm) where dissociative adsorption can occur at
low coordination sites, notably at steps, edges and corners [231]. The TEM image provided in
Figure 3.2.1(B)I serves to illustrate the nature of Au dispersion and morphology. The
diffractogram pattern for an isolated Au particle (Figure 3.2.1(B)IIa) confirms the presence of
metallic Au with associated d-spacings = 0.20/0.23 nm consistent with the (200) and (111) planes
of Au’ (JCPDS-ICDD 04-0784). The intensity profile across the support shown in Figure
3.2.1(B)IIDb delivered an average d-spacing = 0.24 nm, consistent with f-Mo,N. The Au particles

exhibit a pseudo-spherical morphology and a size distribution in the 2-14 nm range, as illustrated
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in the histogram given in Figure 3.2.1(B)III, with a mean particle size of (4 =) 8 nm (Table 3.2.1).
It should be noted that there is an appreciable component of Au particles with diameters < 10 nm,

i.e. the proposed critical Au size range for catalytic activity in hydrogen mediated reactions [236].

As the aim of this work is to explore the possibility of an enhanced selective hydrogenation
rate over Mo nitride supported Au, Au/Al,O3 was taken as a benchmark catalysts that has exhibited
ultra-selectivity in —NO» group reduction [225]. It was established previously [234] that the
reference Au/AlbO3 shows the same mean Au particle size (8 nm) as Au/MozN. Given that
nitroarene hydrogenation rate over supported Au is sensitive to dispersion [228], an explicit
comparison of performance in terms of a support effect necessitates equivalence in terms of Au
size. The synthesized Au/Mo2N demonstrated an appreciably higher (by a factor of 8) level of
hydrogen chemisorption relative to Au/Al,O3 (mmol molay, see Table 3.2.1), which must be due
to a contribution from both Au and Mo>N components. As both samples exhibit the same mean
Au size, differences in uptake can be attributed to the Au/support interface where electronic
interactions have been proposed to impact on hydrogen chemisorption capacity [26]. Since the
catalytic action of Pd in —NO> reduction is well established [237], reaction over Pd/Mo2N was also
considered in order to evaluate the effect of incorporating a different metal with Mo2N. Pd/Mo2N
presented a uniform distribution of Pd nanoparticles (size range = 1-7 nm, mean = 2 nm) and
exhibited increased H> chemisorption (see Table 3.2.1) compared with the supported Au systems,

as has been noted elsewhere [225].
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Figure 3.2.1: (A) Mo2N: XRD pattern (I, including peak assignments based on JCPDS-ICDD
25-1368), representative TEM image (II) with diffractogram pattern (Ila) and SEM micrograph
(IIT) with higher magnification image (IIla) illustrating crystal morphology. (B) Au/Mo2N:
representative medium (I) and high (IT) resolution TEM images and metal particle size
distribution (III). Note: diffractogram pattern of isolated Au particle (IIa) and intensity profile
revealing distance between planes of the atomic lattice in the 12 nm segment marked on the

nitride support (IIb).
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Figure 3.2.2: TPR profiles for (I) Mo2N and (IT) Au/Mo2N.

Catalyst MooN Au/Mo;N  Au/ALOs  Pd/Mo:N  Error

Metal loading (Yow/w) - 0.25 1 0.32 +0.02
H (umol g 0.29 0.42 0.21 0.51 +0.01

2
chemisorption

(mmol mola,™) - 32 4 - +1

Metal size range (nm) - 2-14 1-20 1-7 +0.5

d (nm) - 8+1.7 8+1.4 2+1.5

Table 3.2.1: Hydrogen chemisorptions, metal (Au or Pd) loading and particle size range and

mean value (d).
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3.2.3.2 Catalysis Results

a. Batch Liquid Phase Operation

100% selectivity to the target p-chloroaniline (p-CAN) was achieved for reaction over
Mo:N in batch liquid phase operation at 100% conversion of p-CNB. There was no detectable
hydrogenolytic activity to produce chlorobenzene, NB, AN or benzene. This is an important
finding in the light of previous studies where C—Cl scission accompanied high CNB conversion in
liquid phase reaction. Indeed, dechlorination in the hydrogenation of chloroarenes has been a
feature of reactions over supported Pt, Rh, Ru, Ni and Cu [140] catalysts. Reaction kinetics
exhibited pseudo-first order behaviour (correlation coefficient, 7* >0.98; see Figure 3.2.3(AI)) and
catalytic activity can be quantified in terms of the initial rate of p-CNB consumption (157 pmol g’
U'min!). Incorporation of Au with MoxN served to increase hydrogenation rate (by a factor of 4)
with p-CAN again as the sole product (Figure 3.2.3(A)II). Furthermore, 100% selectivity to
p-CAN was retained at extended reaction times (up to 27 h, not shown). Catalyst stability was
considered and the feasibility of reuse can be assessed from the entries in Figure 3.2.3(B). The
reaction rate generated using Au/MoxN after three consecutive runs was equivalent to that obtained
in the first reaction cycle (632 vs. 639 pmol g min™') and reaction exclusivity to p-CAN was
maintained in each cycle. Moreover, there was no evidence of Au leaching during reaction. This
is an important consideration that has been emphasized by Arens and Sheldon [238]: supported
metal catalysts must be resistant to metal leaching into solution under operation conditions in order
to have a real synthetic utility. While this feature has not been examined in any great detail for
supported Au systems, there is evidence of significant Au leaching from TiO> and Al,O; for

reactions in liquid phase [239].
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Figure 3.2.3: Catalytic response in batch liquid phase operation: (A) temporal variation of p-
CNB (solid symbols) and p-CAN (open symbols) concentration (per g of catalyst, C;/W) for
reaction over (I) MoxN (A,A) and (IT) Au/Mo;N (l,0); (B) temporal variation of p-CNB (H)

and p-CAN (UJ) concentration (per g of catalyst, C;/W) for reaction over Au/MoxN in three

consecutive reactions (I-IIl); Reaction conditions: F’H2 =11 bar, T=423 K.

b. Continuous Gas Phase Operation

Following on from the recommendations of the ACS GCI Pharmaceutical Roundtable
[227], the potential of the Au/MoxN catalyst formulation was further tested in gas phase continuous

operation. It must be stressed from the very outset that nitroarene hydrogenations to date have
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focused on batch liquid phase processing and this study represents the first instance where the
feasibility of both operational modes is demonstrated. 100% selectivity to p-CAN extended to gas
phase operation with increased p-CAN production over Au/MoxN relative to Mo2N as a function
of time on-stream (see Figure 3.2.4(Al)). The improved catalytic performance resulting from the
combination of Au with MooN is further demonstrated in the pseudo-first order kinetic plots
presented in Figure 3.2.4(AIl). This response then holds in both liquid and gas phase reactions
and can be linked to the increased hydrogen uptake on Au/Mo:N (Table 3.2.1). Variations in
hydrogen surface concentration are known to influence the catalytic response where a concomitant
increase in activity and surface hydrogen for molybdenum nitrides has also been reported
elsewhere [187]. Zhang et al. [240], studying the hydrogenation of cyclohexene and the
hydrodesulphurisation of thiophene over MoxN, associated the higher activity with the

incorporation of Zr to an increase in weakly bound hydrogen.

A major finding in this work is the appreciably greater activity exhibited by Au/Mo:N
relative to Au/Al,O3 (at a common mean Au particle size), which is demonstrated in Figure
3.2.4(B). We take this as a demonstration of a surface cooperative effect involving Au and Mo>N
that results in a concomitant enhanced hydrogen uptake (Table 3.2.1) and catalytic efficiency. This
effect can be tentatively attributed to electronic interactions at the Au/support interface. Blaser et
al. [141] concluded that reaction at the gold-support interface can contribute to overall
hydrogenation rate acceleration. Shimizu et al. [83] studied the effect of the carrier for supported
Ag catalysts in nitroarene reduction and reported a synergy between Ag and Al>O3 that governed
the rate-limiting H» dissociation to generate a H'/H™ pair at the metal/support interface. The
hydrogenation rate can also be influenced by differences in p-CNB/surface interaction (-NO:

activation) where the Au-MozN interface may play a critical role. Corma and co-workers [241]
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have differentiated between —NO; group adsorption on the support and Au-support interface in

terms of reactant activation, notably for Au/TiOx.
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Figure 3.2.4: Catalytic response in continuous gas phase operation: (AI) time on-stream p-CAN

production over MozN (A) and Au/MozN (H); (AII) fractional initial conversion of p-CNB (Xo)

as a function of W/F over MooN (A) and Au/Mo;N (H) where the lines represent fit to pseudo-
first order kinetics; (B) specific activity with selectivity to p-CAN (open bars), AN (hatched

bars) and NB (solid bars) under conditions of equal fractional p-CNB conversion (Xo ~ 0.2) over

Au/MozN, Au/AlLO3 and Pd/MoaN; Reaction conditions: H, = 1 bar, T=493 K.
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This effect was indirectly probed by examining the catalytic action of Pd/Mo2N where a
higher p-CNB hydrogenation rate (Figure 3.2.4(B)) relative to Au/Mo2N was recorded. These
results are consistent with published literature where increased hydrogen uptake/activity over
supported Pd (relative to Au) has been reported [225]. In marked contrast to Au/Mo,N and
Au/Al>03, at a common p-CNB conversion Pd/Mo;N promoted the formation of NB and AN as
products of hydrodechlorination and hydrogenation (Figure 3.2.4(B)). Interaction with Pd/Mo,N
serves to activate the C—CI bond, which is then susceptible to hydrogenolytic cleavage. This
catalytic response is consistent with the literature where hydrodechlorination has been shown to
predominate in the hydrotreatment of chloronitrobenzenes over Pd/Al2O3 [225]. Use of Pd/Mo2N
in practical (industrial) application would require the incorporation of downstream separation units
in order to extract the target p-CAN. This is circumvented in the case of Au/Mo2N, which delivered
the best performance in this study. Process efficiency can be further improved by operating
multiple passes through the catalyst bed where the ultra-selectivity imposed by Au/MoxN can

deliver complete conversion of the inlet p-CNB to p-CAN.

The results presented in this study provide the first evidence of the combined catalytic
action of Au and Mo:N that serves to elevate surface hydrogen, resulting in an increased
hydrogenation rate of p-CNB to the target p-CAN in both liquid and gas phase operation. Future
work will focus on structural modification of molybdenum nitride (e.g. crystallographic phase
and/or surface area) and control over Au particle size to increase activity while retaining
selectivity. Catalytic applications will consider hydrogenation of polyfunctional nitroarenes where

chemoselectivity is extremely challenging.
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3.2.4. Conclusions

Au/MoxN as a new catalyst formulation promotes the (batch) liquid and (continuous) gas
phase hydrogenation of p-CNB with 100% selectivity to p-CAN where the yield was maintained
in repeated reaction cycles. Incorporation of Au with MozN served to increase Hz uptake with a
four-fold higher hydrogenation rate relative to Mo2N. Moreover, Au/Mo2N outperformed a
benchmark Au/Al,Oj; catalyst that exhibited an equivalent mean Au particle size. Under the same
reaction conditions, Pd/Mo2N was non-selective and promoted a combined hydrodechlorination/
hydrogenation to give NB and AN. The viability of Au/Mo:N in the selective reduction of
nitroarenes was demonstrated here, for the first time, with versatility in gas and liquid phase

operation.
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Effect of Crystallographic Phase (f vs. y) and Surface Area
3 ‘3 on Gas Phase Nitroarene Hydrogenation over Mo2N and
Au/Mo2N

Abstract

In this chapter, the catalytic action of MooN and Au/MoxN has been assessed in the selective
gas phase hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN). The
nitrides were synthesized via temperature-programmed treatment of MoO3 in H>+Nz and Au
introduced by deposition-precipitation with urea. The influence of nitride crystallographic phase
(tetragonal f-MooN vs. cubic y-Mo,N) and surface area (7-66 m? g'!) on the catalytic response was
examined. Catalyst activation by temperature programmed reduction (TPR) has been monitored
and the reduced catalysts characterized in terms of BET area/pore volume, H>
chemisorption/temperature programmed desorption (TPD), powder X-ray diffraction (XRD),
elemental analysis, scanning (SEM) and transmission (TEM) electron microscopy and X-ray
photoelectron spectroscopy (XPS) measurements. The formation of - and y-Mo2N was confirmed
by XRD and TEM. y-MozN exhibits a platelet morphology whereas f-MozN is characterized by
an aggregation of small crystallites. Hydrogen chemisorption and TPD analysis have established
a greater hydrogen uptake capacity (per unit area) for f-MooN relative to y-Mo2N, which is
associated with surface nitrogen deficiency, i.e. higher surface Mo/N for f-MoaN. Incorporation
of Au on both nitrides resulted in an increase in surface hydrogen. The Au phase takes the form of
nano-scale particles with a mean size of 7 and 4 nm on -Mo2N and y-MozN, respectively. Both

S-MozN and y-Mo2N promoted the exclusive hydrogenation of p-CNB to p-CAN where the f-form
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delivered a higher specific (per m?) rate; the specific rate for »-Mo>N was independent of surface

area. The inclusion of Au on both nitrides served to enhance p-CAN production.

3.3.1 Introduction

The application of transition metal nitrides as hydrotreating catalysts is now established [4,
33, 242]. The use of molybdenum nitrides to promote hydrogen mediated reactions has been
considered to a limited extent with evidence of significant hydrogenation activity [52, 58, 171,
176, 178, 243]. This has been ascribed to a contraction of the d-band and modification of electron
density due to the interstitial incorporation of N in the metal lattice, which facilitates hydrogen
adsorption/activation [244]. A distinct selectivity response has been observed for Mo nitride when
compared with conventional supported metal (e.g. Pd or Pt) catalysts [58, 176, 178]. Indeed, the
preferential formation of crotyl alcohol (from crotonaldehyde) [58] and ethene (from ethyne) [176]
has been reported for reaction over Mo2N with enhanced selectivities relative to Pd/Al,O3. The
synthesis of f-phase molybdenum nitride (f-Mo2N) was recently established [178], with
application in the selective hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-
CAN) in both continuous gas [245] and batch liquid [245, 246] operation. p-CAN is a high value
chemical extensively used in the manufacture of fine chemicals but existing production routes
exhibit serious drawbacks in terms of low selectivity and the generation of toxic waste [247]. The
earlier work is now extended to consider the role of nitride crystallographic phase and surface area
in gas phase hydrogenation.

In the synthesis of nitrides via temperature programmed reduction-nitridation, a number of
factors have been proposed to influence the MoNx phase, including the nature of the precursor

[248] and preparation conditions [18, 36, 249], i.e. gas composition/space velocity, heating rate
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and final temperature. Cubic y-Mo2N has been the most common crystallographic form obtained
via thermal treatment of MoOs in NH3 [18, 248]. The use of H>+N»> mixtures can generate either
(tetragonal) f-MozN [13, 38, 39] or y-Mo2N [36, 40, 41]. Moreover, the formation of (hexagonal)
0-MoN from MoS,+NH3 has also been reported [250]. The synthesis of high surface area (up to
225 m? g'!) Mo nitrides requires a low temperature ramp rate (< 1 K min™) [36] and/or high gas
space velocity (up to 150000 h™!) [49] to circumvent hydrothermal sintering resulting from water
released [41]. S-MoxN typically exhibits low surface areas (2-17 m? g!) [13, 39, 178] whereas
higher values are characteristic of y-MoxN (5-225 m? g'!) [43, 251, 252]. The effect of the Mo
nitride crystallographic phase in terms of hydrogenation applications has not been studied in a
systematic manner. It is, however, worth noting that, in the case of ammonia synthesis [38] and
carbazole hydrodenitrogenation [18], f-Mo2N delivered a higher surface area normalized activity
when compared with y-Mo>N and J-MoN. A definitive correlation between catalytic activity and
nitride area, irrespective of phase, has yet to be established. Hydrogen uptake, which is dependent
on surface area and crystallographic phase [20, 24, 183], can play a critical role in determining
hydrogenation rate. McKay and co-workers [38] have shown that specific activity (per m?) for
ammonia synthesis over f-Mo nitride was independent of surface area. In contrast, specific
activities for thiophene desulfurisation [36] and pyridine hydrodenitrogenation [19] were found to
decrease with increasing y-Mo nitride area (from 4 to 193 m? g!).

The aim of the study presented in this chapter is to consider for the first time the independent
effect(s) of varying surface area (7-66 m*> g'') and MoxN crystallographic phase (- and y-) on p-
CNB hydrogenation performance. Moreover, with a view to enhancing overall catalyst
performance, the role of Au as promoter is assessed. The use of promoters with Mo nitrides

catalysts has not been addressed to any significant extent. It should be noted that an increase in
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activity has been demonstrated for methanol steam reforming (with lower CO; production) over
Mo nitride with the addition of Pd, Pt and Ni [253] and thiophene hydrodesulfurisation due to the

inclusion of Co [254].

3.3.2 Experimental

3.3.2.1 Mo Nitride Synthesis

The MoOs3 (99.9995% w/w) precursor was obtained from Alfa Aesar. Mo nitride synthesis
was conducted via temperature programmed treatment in Ha/N2 or Ho/No/Ar continuous flow at
atmospheric pressure. f-Mo2N synthesis was carried out in a commercial CHEM-BET 3000
(Quantachrome) unit. -M0o2N preparation employed a fixed bed reactor. As Mo nitride powders
produced in reducing gases are subject to self-ignition on contact with air [255], the samples were
passivated at 293 K in 1% v/v Oz/He for ex situ analysis; there was no detectable temperature

increase during passivation.

a. i-Mo:N
The MoOs precursor was loaded in a quartz cell (3.76 mm i.d.) and contacted with 15 cm?
min"! (Brooks mass flow controlled; GHSV = 1500 h') Ho/N», kept at 293 K for 1 h and then
heated at 5 K min™! to 933 K, maintaining the final temperature for 18 h. The reaction was quenched

by switching to an Ar flow (65 cm® min') and the sample was cooled to ambient temperature.

b. y-Mo:N
The MoOs precursor was placed in a horizontally mounted quartz reactor (i.d. = 10 mm),
flushed with dry high purity Ar (99.9% v/v) at 400 cm® min™' (GHSV = 24000 h') for 4 h and

heated to 623 K (at 5 K min™!), which was maintained for 4 h. A 400 cm® min! flow of
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8%/42%/50% v/v No/Ho/Ar was then introduced and the temperature held constant for 2 h. Two y-
Mo2N samples were prepared using different temperature ramping rates. The synthesis conditions
were selected based on published literature [36] that has established a dependence of nitride surface
area (34-101 m? g1) on heating rate (0.2-20 K min™). The temperature was raised from 623 K to
933 K at 0.3 K min™' (sample denoted as p-Mo2N-a) or 0.1 K min! (y-Mo2N-b), maintaining the
final isothermal hold for 2-13 h. The sample was quenched in Ar and rapidly (<30 min) cooled to
ambient temperature; the latter step was facilitated by contacting the reactor with an external high

velocity air flow.

3.3.2.2. Au/Mo:N Preparation and Activation

Au/f-MooN, Au/y-MozN-a and Au/y-MozN-b (with a nominal Au loading = 1 mol%) were
prepared by deposition-precipitation (D-P). A suspension of HAuCls (300 cm?, 3.32X10™* M),
aqueous urea (100 cm?, 0.86 M) and the nitride support (2 g), were stirred (300 rpm) and heated
(1 K min™) to 353 K, maintaining the final temperature for 2.5 h. The D-P process was performed
in the dark in order to avoid formation of metallic colloids in solution by photoreduction of Au(III)
[256]. It has been reported that a high residual chloride content (>300 ppm) can induce the
formation of large (>20 nm) Au particles [257] while the chloride can poison the catalytically
active sites [258]. In order to circumvent these negative effects, the catalyst precursor was filtered,
washed with distilled water until the wash water was Cl-free (based on the AgNO3 test), dried in
He (45 cm® min™') at 383 K for 3 h and sieved into a batch of 75 um average particle diameter. The
samples were kept at 277 K under He in the dark in order to prevent Au agglomeration, which has

been reported for storage in air and in the light [259].
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3.3.2.3. Characterization

The pH values associated with the point of zero charge (pHpzc) of the nitrides were
determined using the potentiometric mass titration technique. In each case, three different masses
(0.025, 0.050 and 0.075 g) were immersed in 50 cm® 0.1 M NaCl to which a known amount of
NaOH (0.1 M) was added to adjust the pH to ca. 11. After stabilisation of the pH (ca. 1 h), titration
of the samples was performed under continuous agitation in a He atmosphere with HCI (0.1 M).
Temporal changes to pH were measured using a crystal-body electrode coupled to a data logging
and collection system (Pico Technology Ltd.); calibration was performed with standard buffer
solutions (pH 4 and 7). Temperature programmed reduction (TPR), BET surface area, total pore
volume, H> chemisorption and temperature programmed desorption (TPD) were determined using
the commercial CHEM-BET 3000 (Quantachrome) unit. The samples were loaded into a U-shaped
Quartz cell (3.76 mm i.d.) and heated in 17 cm® min™! (Brooks mass flow controlled) 5% v/v H2/N»
at 2 K min! to 673 + 1 K. The effluent gas passed through a liquid N trap and changes in H
consumption were monitored by TCD with data acquisition using the TPR Win™ software. The
activated samples were maintained at the final temperature in a constant flow of H2/N> until return
of the signal to baseline, swept with 65 cm?® min™ N for 1.5 h and cooled to room temperature.
The samples were then subjected to H> chemisorption using a pulse (10 pl) titration procedure,
followed by Ho-TPD in N2 (65 cm?® min™) at 45 K min™! to 933 K with an isothermal hold until the
signal returned to the baseline. BET areas and pore volumes were determined, respectively, in 30%
and 95% v/v Nao/He using undiluted N> as internal standard. At least 3 cycles of N> adsorption-
desorption in the flow mode were employed to determine total area and pore volume using the
standard single point method. The measurements were reproducible to within + 8% and the values

quoted represent the mean.
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Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident X-ray
diffractometer with Cu Ko radiation. The samples were scanned at a rate of 0.02° step! over the
range 20° <20 < 90°. Diffractograms were identified using the JCPDS-ICDD reference standards,
i.e. MoOs (35-609), f-MooN (25-1368), -MooN (25-1366) and Au (04-0784). Lattice parameters
and residual error associated with the main planes for f-Mo2N and y-Mo2N were determined using
the TOPAS (version 3) software. Analysis by scanning electron microscopy (SEM) was conducted
on a Philips FEI XL30-FEG equipped with an Everhart-Thornley secondary-electron (SE)
detector, operated at an accelerating voltage of 10-15 kV and using NORAN System SIX (version
1.6) for data acquisition. Before analysis, the samples underwent a hydrocarbon decontamination
treatment using a plasma-cleaner (EVACTRON). Elemental (nitrogen) analyzes were conducted
using an Exeter CE-440 Elemental Analyzer after sample combustion at ca. 1873 K. The Au
content was measured by atomic absorption spectroscopy (AAS, Shimadzu AA-6650 spectrometer
with an air-acetylene flame) from the diluted extract in aqua regia (25% v/v HNO3/HCl). X-ray
photoelectron spectroscopy (XPS) analyzes were conducted on an Axis Ultra instrument (Kratos)
using a monochromatic Al Ka X-ray source (1486.6 eV). Prior to analysis, the nitride sample was
adhered to a conducting carbon tape, mounted in the sample holder and subjected to ultra-high
vacuum conditions (<10 Torr). The source power was maintained at 150 W and the emitted
photoelectrons were sampled from a square area of 750x350 um?; the photoelectron take-off angle
was 90°. The analyzer pass energy was 80 eV for survey spectra (0—1000 eV) and 40 eV for high
resolution spectra (over the Mo 3d3» and Mo 3ds» binding energy (BE) range, 227-239 eV).
Sputtering of the surface (for 1 min) with a 3 keV argon ion beam was employed to remove the
passivating layer and reveal the sub-surface composition. The adventitious C 1s peak was

calibrated at 284.5 eV and used as internal standard to compensate for any charging effects. The
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instrument work function was calibrated to give a BE of 84.00 eV for the Au 4/7,2 line of metallic
gold (Metalor) and the spectrometer dispersion was adjusted to give a BE 0of 932.70 eV for the Cu
2p3. line of metallic copper (Metalor). Quantification of the XPS signal employed the CasaXPS
software, using relative sensitivity factors provided by Kratos. High resolution transmission
electron microscopy (HRTEM) analyzes were performed on a JEOL JEM 2011 unit with a UTW
energy dispersive X-ray detector (Oxford Instruments) operated at an accelerating voltage of 200
kV; Gatan DigitalMicrograph 3.4 was employed for data acquisition. Samples for analysis were
prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 Mesh). Up to 320
individual Au particles were counted for each catalyst and the mean metal particle sizes are quoted

as the number average (drem).

3.3.2.4. Analytical Method and Catalytic System
a. Materials and analytical method

All the gases (H2 and Na, Ar, Oz and He) employed were of ultra high purity (>99.99, BOC).
p-CNB (Sigma-Aldrich, > 99%) reactant and solvent (ethanol, Sigma Aldrich, > 99.8%) were used
without further purification. The composition of the reactant/product mixtures was determined
using a Perkin-Elmer Auto System XL chromatograph equipped with a programmed split/splitless
injector and a flame ionisation detector, employing a DB-1 capillary column (i.d. = 0.33 mm, length
= 30 m, film thickness = 0.20 pum). Data acquisition/manipulation was performed using the
TotalChrom Workstation (Version 6.1.2 for Windows) chromatography data system. The overall

reactant/product molar fractions were obtained using detailed calibrations (not shown).
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b. Catalytic System

The hydrogenation of p-CNB was carried out under atmospheric pressure at 493 K, in situ
immediately after activation, in a fixed bed vertical glass reactor (i.d. = 15 mm). The catalytic
reactor was operated under conditions that ensured negligible heat/mass transport limitations. A
layer of borosilicate glass beads served as preheating zone where the organic reactant was
vaporized and reached reaction temperature before contacting the catalyst. Isothermal conditions
(= 1 K) were maintained by diluting the catalyst bed with ground glass (75 um); the ground glass
was mixed thoroughly with catalyst before insertion in the reactor. The reaction temperature was
continuously monitored using a thermocouple inserted in a thermowell within the catalyst bed.
The reactant (p-CNB as a solution in ethanol) was delivered at a fixed calibrated flow rate to the
reactor via a glass/teflon air-tight syringe and teflon line using a microprocessor controlled
infusion pump (Model 100 kd Scientific). A co-current flow of p-CNB and H> (<1% v/v p-CNB
in H) was delivered at a GHSV = 330 min™! with an inlet reactant molar flow (F) in the range 0.7-
3.2 umol min’!. The H» flow rate was monitored using a Humonics (Model 520) digital flowmeter,
where the H> content was maintained well in excess of the stoichiometric requirement. The mass
of catalyst to inlet p-CNB molar feed rate (m/F) spanned the range 2.6x1073-7.9x102 g min pmol
!, As a blank test, passage of p-CNB in a stream of H, through the empty reactor did not result in
any detectable conversion. The reactor effluent was frozen in a liquid nitrogen trap for subsequent

analysis. Fractional hydrogenation (X,-cng) was obtained from

_[p—CNBJn—[p—~CNBJox
e [p—CNB]Jn

X (3.3.1)

and selectivity with respect to p-chloroaniline (p-CAN), as the target product, is given by
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[p—CAN]out
S, cun (%) = 100 3.
e ) = 1 N —[p— Nt (3:3-2)

Repeated reactions with different samples from the same batch of catalyst delivered

conversion/selectivity values that were reproducible to within + 7%.

3.3.3 Results and Discussion

3.3.3.1 Mo2N
a. /~-Mo:2N Characterization

The XRD pattern of the MoOs3 precursor is shown Figure 3.3.1 (a). The reflections over the
range 20 = 23-49° correspond to the (110), (040), (021), (130), (101), (111), (041), (060), (150),
(061) and (002) planes that are characteristic of orthorhombic a-MoO3; (JCPDS-ICDD 35-609, see
Figure 3.3.1 (e)). The diffractogram for the passivated f-MoN (Figure 3.3.1 (b)) shows peaks at
20 =37.7°,43.1°,45.3°, 62.7°, 64.3°, 75.5°, 78.6° and 80.5° that can be associated, respectively,
with the (112), (200), (004), (220), (204), (312), (116) and (224) planes of f-Mo>N (JCPDS-ICDD
25-1368, Figure 3.3.1 (f)). It should be noted that there were no detectable signals due to Mo or
oxide species, a result that confirms the complete transformation of MoOs to f-MozN, where the
passivation step served solely to provide a superficial oxide film without bulk oxidation [13].

In order to check for a possible y-phase content, the sample was subjected to a single crystal
analysis using the TOPAS software for lattice parameter optimisation and the results are presented
in Table 3.3.1. The residual error obtained from adjusting the d-spacing to tetragonal f-Mo>N was
significantly lower when compared with that obtained for cubic y-Mo2N. The lattice parameters
from the adjustment to the f-form (a = 4.205; c = 8.045) are very close to those for the JCPDS-

ICDD standard (25-1368).
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Figure 3.3.1. XRD patterns associated with (a) MoOs, (b) f-Mo2N, (¢) y-Mo2N-a and (d) y-
Mo2N-b with JCPDS-ICDD reference diffractograms for (e) MoOs (35-609), (f) f-MooN (25-

1368) and (g) y-MoaN (25-1366).

Moreover, the nitrogen content (see Table 3.3.2: 5% w/w, bulk Mo/N = 2.7) is in good agreement

with reported values of 2.6-2.7 [12-14, 38] for f-Mo2N.

The synthesized p-MooN was examined by TEM and a representative image is shown in
Figure 3.3.2 (1a) where the intensity profile (see inset) yielded an average d-spacing of 0.24 nm,
consistent with the (112) plane of f-Mo2N. SEM analysis was also conducted to evaluate
morphological features and the representative micrograph presented in Figure 3.3.2 (2a) shows

an aggregation of small crystallites (<5 pum).
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Cubic y-MooN Tetragonal f-Mo>N
Residual Error (%) Residual Error (%)
hkl hkl
f-MooN  p-MooN-a  y»-MoaN-b f-MooN  y-MooN-a  y-MooN-b
111 0.532 0.257 0.315 112 0.079 0.196 0.163
200 1.018 0.326 0.129 200 0.099 0.783 1.235
220 1.134 0.101 0.285 004 0.005 - -
311 0.693 0.079 0.047 220 0.013 - -
222 0.492 0.280 0.332 204 0.082 1.334 0.942
312 0.008 0.601 0.727
116 0.016 - -
224 0.035 0.171 0.793
B I
Pa%;lr?llgti:rs a* = 4.163 PaI;:::lle(i[er ar*=4.188
c** =8.048

* for JCPDS-ICDD y-MoxN reference (25-1366); ** for JCPDS-ICDD S-Mo:xN reference (25-1368)

Table 3.3.1: Lattice parameters and residual error associated with the main planes for y-MooN
and f-MozN in the analysis of Mo nitrides synthesized via temperature programmed treatment of

MoO:s.

A p-MoxN crystal structure containing ensembles of varying sizes (<10 pum) has been reported
elsewhere [38, 39, 248]. As the starting MoOs is characterized by a platelet morphology [260], the
disruption of the orthorhombic precursor structure in the reduction/nitridation process (MoO3 —

MoO; — Mo — Mo2N) is the result of a non-topotactic transformation [13, 178, 248].

84



Catalyst B-Mo:N ﬂ-l?/ll(l)/zN y-Mo:N-a y-l\/ﬁ)l;{\l-a y-Mo2N-b y-l\/ﬁ)l;{\l-b Error
Nitrogen content (% w/w) 5 - 6 - 6 - +04
Au loading (mol%) - 0.26 - 0.54 - 0.59 +0.02
Mo/n oulk fﬁg"sputst‘;fi;f 2.7:24 i 2214 i 22; 1.4 i +0.1
BET surface area (m*g™) 7¢ (3)¢ 9¢(5)  36°(30)! 40°(33)¢  66°(60)¢  82°(75)¢ +1
Pore volume (cm? g'!) 0.020 0.029 0.036 0.052 0.055 0.092  £0.005
TPR T (K) 637 603 670 610 668 607 +1
S)R Hz consumption (umol | 55 373 732 777 1292 1454 +2
I}III%Z;:hemisorption (10° pmol 4 45 16 20 16 18 +1
TPD Thax (K) 806 746 827 795, 933 823 813,933 +1
H desorbed (pmol m?) 0.4 1.4 0.2 0.7 0.2 0.5 +0.05
pHeze 3.5 - 3.3 ; 3.3 - +0.1
Au size range (nm) - 2-13 - 1-8 - 1-8 +0.5
drev (nm) - 7+1.7 - 4412 - 4412

Table 3.3.2: Nitrogen content, Au loading, bulk and surface atomic Mo/N ratio, BET surface

area, total pore volume, characteristic temperature programmed reduction (TPR) 74 with

associated Hz consumption, H2 chemisorbed/desorbed (TPD), pH of the point of zero charge

(pHrzc), Au particle size range and mean value (drewm).

Cairns and co-workers [39] attributed the formation of small f~-Mo,N ensembles to water

release/particle expansion during precursor reduction, following the model of Sloczynski and

Bobinski [261]. It has been proposed [183] that passivation of Mo;N results in the formation of
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one or two chemisorbed oxygen layers. Surface characterization by XPS generated the spectra over
the Mo 3d binding energy (BE) region for the MoOs3 precursor (a) and f-MoxN (b) presented in
Figure 3.3.3. The XPS profile for MoOs is characterized by a sole spin-orbit doublet with a Mo
3ds;» BE = 236.6 €V that is characteristic of Mo®* [62]. Removal of the passivating oxide layer
from Mo nitrides by Ar ion sputtering has been demonstrated elsewhere [62]. Sputtering was
employed in this study to analyze the depth-profile composition of f-Mo2N and mimic surface
composition under reaction conditions. The XPS profile of the passivated sample (Figure 3.3.3
(b1)) shows a principal XPS peak at BE = 228.7 eV that is characteristic of Mo® (2 <8 <4) in
passivated f-MoaN [16, 27, 262]. The occurrence of a detectable signal at 236.4 eV is consistent
with a partial oxidation to Mo®" as a result of passivation [62]. While the hexavalent Mo signal in
the precursor is strong and well defined, it is appreciably weaker for the Ar ion sputtered sample,

demonstrating the near complete removal of the passivation layer (Figure 3.3.3 (b2)).
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Figure 3.3.2. Representative (1) TEM images and (2) SEM micrographs of (a) f-MozN, (b) y-
Mo:N-a and (c) -Mo2N-b. Note: Inset in (1a) shows the intensity profile, revealing the distance
between the planes of the atomic lattice over the 10 nm segment that is marked on the TEM

image; diffractogram patterns associated with the circled areas are included in (1b) and (1¢).
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Figure 3.3.3. XPS spectra in the Mo 3d region of (a) MoOs and (b) f-Mo2N (1) passivated and
(2) after Ar ion sputtering. Note: Arrows illustrate the position of Mo 3d3/, corresponding to

Mo®*

The temperature requirements for the removal of this oxide overlayer were analyzed by
temperature programmed reduction (TPR). The resultant profile, shown in Figure 3.3.4 (al), is
characterized by a positive peak with a maximum intensity at 637 K. Hydrogen consumption at
temperatures over the range 637-740 K during TPR of passivated f-MooN has been reported
previously [13, 183, 245, 263]. The H, consumed (303 pmol g™!) is recorded in Table 3.3.2 but no
comparable measurement could be found in the literature. The BET surface area falls within the

range of values (2-17 m? g!) quoted previously for S-MooN synthesized by temperature
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programmed reaction in N2/H [13, 38, 178]. The total area after passivation decreased (from 7 to
3 m? g!), as has been noted elsewhere [44]. A search through the literature has failed to unearth
any study where quantitative measurements of H> chemisorption on f-MooN are recorded.
However, NMR [22] and IR [243] analyzes suggest that H> can adsorb on Mo;N at nitrogen
deficient surface sites. Moreover, subsequent to adsorption, a heterolytic dissociation on Mo-N
pairs (via the formation of Mo-H and N-H groups) has been proposed with migration to the sub-
layers, which results in strong interactions [17, 20, 24]. A H, uptake of 42x10 pmol m? was

recorded (Table 3.2) during pulse (ambient temperature) chemisorption analysis.

L 700
(al) 637Kk = |(a2) ’ -

TCD signal (a.u)
OD L

— — : —
0 75 150 225 0 75 150 225
t (min) t (min)

Figure 3.3.4. TPR profiles (solid line) with temperature ramp (dashed line) generated for

passivated (a) f-MooN, (b) y-MozxN-a and (¢) y-Mo2N-b (1) pre- and (2) post-Au incorporation.

Total surface hydrogen was evaluated by temperature programmed desorption (TPD) and

the resultant profile is presented in Figure 3.3.5 (al). The XRD pattern (not shown) of f-MooN
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post-TPD was unchanged, demonstrating that the crystalline structure did not suffer any detectable
alteration. Moreover, the nitrogen content (from elemental analysis) was unchanged; it has been
established that loss of nitrogen from f-MooN requires temperatures in excess of 1000 K [18].
The TPD profile is characterized by a broad peak (7nax = 806 K) where the Ha released (0.4 umol
m™) is appreciably greater (by an order of magnitude) than that measured in the chemisorption
step and must result from hydrogen uptake during TPR. Taking an overview of the limited
available literature, the amount of H> desorbed (up to ca. 4 umol m™) and associated Touax (370-
800 K) appear to depend on nitride synthesis, pre-treatment and surface area [20, 183]. High
temperature (700-800 K) desorption has been associated with loss of H> from the bulk nitride as

opposed to desorption from surface sites [20].

(al) (a2) 46K LT
A L 900
‘—I ‘—‘ ,J i
= |(b1) (b2)
= L 700
g | -
g - >
5 BA3K 933K e
L 500
= (e
L 300
-
LI ) LN DL AL L LI LI L L DL L L L L
0 5 10 15 0 5 10 15
t (min) t (min)

Figure 3.3.5 Hydrogen TPD response (solid line) with temperature ramp (dashed line) for (a) -

Mo:N, (b) y-MozN-a and (c) y-Mo2N-b (1) pre- and (2) post-Au incorporation
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b. y-Mo:2N Characterization

Two y-nitride (y-Mo2N-a and y-Mo2N-b) samples with different surface areas (Table 3.3.2)
were synthesized by modifying the heating rate (see section 2.1.2). The total pore volumes are
comparable to those quoted by Zhang and co-workers [264], i.e. 0.012 cm® g'! (surface area = 17
m? g) and 0.060 cm® g! (surface area = 110 m? g''). A reduction in surface area was observed
after passivation, as noted for f-MoxN. The nitrogen content of both y-Mo>N samples (Table 3.3.2)
was equivalent (6% w/w, bulk ratio Mo/N = 2.2) and agrees with values reported in the literature
[16, 264]. The XRD patterns for y-MozN-a (¢) and p-Mo2N-b (d) (see Figure 3.3.1) coincide,
presenting five main peaks at 20 = 37.5°, 43.6°, 63.3°, 76.0° and 80.0° that can be matched to the
(111), (200), (220), (311) and (222) planes of cubic y-Mo>N (JCPDS-ICDD 25-1366, profile (g)).
Single crystal analysis generated lattice parameters consistent with the y-Mo,N JCPDS-ICDD
standard; residual error < 0.4% (Table 3.3.1). Representative TEM images of y-Mo;N-a and y-
MooN-b are presented in Figure 3.3.2 (1b) and Figure 3.3.2 (1c), respectively, where the d-
spacings (0.20 nm and 0.24 nm) are in agreement with the (200) and (111) planes of y-Mo>N. SEM
analysis (see Figure 3.3.2 (2b) and 2 (2c¢)) has revealed the predominance of large (ca. 15 pm x
25 um) platelet crystals with secondary, smaller (ca. 2 pm x 10 pm) rod-like formations. This
suggests a retention of the platelet morphology characteristic of MoOs3; and a topotactic MoO3
— MoxNyO1.y — y-Mo2N transformation [251, 265]. The crystal size for both y-Mo2N samples is
greater when compared with f-MozN, as has been reported previously [38].

As in the case of f-MozN, XPS analysis of y-Mo02N (not shown) confirmed a close to total
removal of the passivation layer by Ar ion sputtering. A principal XPS signal at 228.3 eV was
recorded that is within the range (228.2-230.0 eV) reported for passivated y-Mo2N [60, 266, 267]

and attributed to Mo®" where 2 < § < 4. In all three cases, bulk Mo/N exceeded the surface ratios
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(Table 3.3.2). Moreover, the surface Mo/N (1.4) for both sputtered y-MooN samples is
significantly lower than that measured for f-MoN (2.4). The TPR profiles recorded for passivated
y-MooN-a (b1) and y-MooN-b (c1) shown in Figure 3.3.4 are characterized by a peak at 669 + 1 K
that falls within the values (590-855 K) recorded elsewhere [19, 174, 183, 235]. A comparison of
the TPR profiles for both y-MozN samples with that of f-Mo;N reveals a shift in the reduction
peak to a higher temperature (by ca. 30 K) for y-Mo2N, suggesting differences in oxygen-nitride
interactions. The hydrogen consumed during TPR can be associated with (i) removal of the
passivation layer and (ii) surface adsorption of H», which can migrate to sub-layers. Hydrogen
consumption (umol g, see Table 3.3.2) increases in the order: f-Mo,N < y-MozN-a < y-Mo2N-b.
The hydrogen required for reduction of the passivation layer should be proportional to nitride
surface area and an equivalent amount of H» (per surface area) was recorded for the two y-Mo,N
(= 20 pmol m?) samples. This value is within the range (5-20 pmol m™) reported in the literature
for »-MooN with BET areas of 24-193 m? g' [19]. The significantly higher specific H»
consumption for f-Mo,N (= 43 umol m™) relative to (both) y-MoxN can be related to the
crystallographic structure (- vs. y-) where difference in the exposed planes and surface
composition can affect oxygen interaction with the nitride surface. Moreover, there is some
consensus [17, 22, 24, 268] that hydrogen uptake occurs at unsaturated surface Mo sites. Higher
H> consumption can then be related to the greater nitrogen deficient surface character (higher
Mo/N) exhibited by S-nitride, as confirmed by XPS. Specific (per m?) Hz chemisorption (Table
3.3.2) was the same on both y-Mo>N samples but was significantly lower (by a factor of 3) than
that recorded for f-MoN. In contrast, Choi and co-workers [20] found that H> uptake capacity
increased in the order, f-Moi1sN7 < 6-MoN < y-MoisN7. They attributed this to a reduced number

of Mo atoms on the surface of f-MoisN7. The opposite effect was observed with a higher Mo/N
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surface ratio for f-MozN relative to y-MozN. Hydrogen TPD from y-MozN-a (b1) and y-Mo2N-b
(c1) generated the profiles presented in Figure 3.3.5 with an equivalent H» release (0.2 pmol m™)
at Tmax = 825 = 2 K, which is within the range (820-898 K) reported elsewhere [183, 269]. The
shift in H, desorption to a higher temperature (by ca. 20 K) for y-MooN relative to f-MooN suggests
stronger interaction. Total H, desorbed from y-MooN was lower (by a factor of 2) than that
recorded for f-MooN, where the latter exhibited greater H> consumption (per surface area) in the
TPR and chemisorption measurements. These results suggest a dependence of surface hydrogen

content on crystallographic phase that might be linked to surface Mo/N.

3.3.3.2. Catalytic Results

Selectivity is the key challenge in the hydrogenation of p-CNB, i.e. exclusive -NO» group
reduction without C-CI bond scission. Dechlorination results in the formation of nitrobenzene
(NB) with subsequent hydrogenation to aniline (AN) as shown in Figure 3.3.6. Published articles
[140, 141, 270] dealing with selective nitroarene hydrogenation have identified steps employed to
improve selectivity, notably use of additives/promoters (e.g. NaHS and KOH) [271, 272], support
modifications (in terms of Lewis acid-base properties and formation of oxygen vacancies) [142,
273] and metal dispersion [145]. Hydrogenation of p-CNB over f-Mo2N, y-MozN-a and y-Mo,N-
b generated p-CAN as the sole product, with no evidence of dechlorination. This finding in itself
1s significant as composite hydrodechlorination/ hydrogenation (to form NB/AN) is a feature of
reaction over conventional transition metal catalysts, i.e. Ni [274], Pt [68] and Ru [275].
Hydrogenation selectivity can be attributed to effective polarisation of the N=O group via surface
interaction that renders the nitro function susceptible for hydrogen attack [163]. Indeed, -NO»

adsorption-reduction on Mo has been demonstrated elsewhere [276, 277] and Chen [274] have
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shown that the addition of Mo to nickel borides promoted selective nitro-group reduction while
suppressing the dehalogenation step.

NO,

N02 NHZ

p-Chloronitrobenzene
(p-CNB)

Nitrobenzene NH,
(NB)
3H2 H2 Cl

p-Chloroaniline
(p-CAN)

Aniline
(AN)

Figure 3.3.6. Main reaction pathways associated with the hydrogenation of p-CNB to the target
(=) product (p-CAN) with non-selective (=) products resulting from

hydrodechlorination/hydrogenation

A temporal decrease in fractional p-CNB conversion (X,-cyg) with time on-stream was

observed, which can be expressed in terms of the empirical relationship [225]

(Xp—CNB - Xy) _ t
(Xsoh - Xo) (ﬂ"‘t)

from which a value for the initial conversion (Xy) can be obtained, where X3¢, represents fractional

(3.3.3)

conversion after 30 h on-stream and f is a time scale fitting parameter. A representative (f-Mo2N)
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time on-stream response is shown in Figure 3.3.7(a) where it can be noted that a near steady state

conversion was attained after ca. 15 h and maintained for 30 h of continuous operation.
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Figure 3.3.7 (a) Variation of p-CNB fractional conversion (X,-cng) with time-on-stream (m/F =
0.08 g min umol™!) for f-Mo2N (A ) and Au/f-Mo2N (A); lines represent fit to eqn. (3). Pseudo-
first order kinetic plot for reaction over: (b) f-Mo2N (A ) and Au/f-MooN (A); (¢) -MozN-a (e)

and Au/y-Mo2N-a (0); (d) -Mo2N-b (m) and Au/y-Mo2N-b (O)

The applicability of a pseudo-first order kinetic treatment has been established for related

catalyst systems [225]

ma-x&lzkﬂmj (3.3.4)
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where m/F corresponds to the mass of catalyst relative to inlet p-CNB molar feed rate. The pseudo-
first order kinetic plots for f-MooN, y-MozN-a and y-Mo2N-b are included in Figure 3.3.7(b)-(d).
The linear fit (passing through the origin) confirms adherence to the kinetic model. The extracted
raw rate constants (k, umol g'! min’!, Table 3.3.3) follow the order, »-Mo,N-b > p-MosN-a > -
Mo:N. In order to differentiate between the effect of surface area and crystal phase on the catalytic

activity, the comparison must be based on specific rate (k’, pmol m min’!, Table 3.3.3).

Rate constant Specific rate constant
Catalyst k (£ 7%) k' (£ 7%)
(umol g'! min™) (X102 pmol m? min™)

S-MooN 4.6 66
y-Mo2N-a 12.2 34
y-Mo2N-b 24.5 37
Au/f-MoxN 9.0 100
Au/y-MooN-a 204 51
Au/y-MozN-b 38.4 47

Table 3.3.3. p-CNB hydrogenation rate constants (k and £°).

Both y-MozN-a and y-Mo,N-b delivered an equivalent specific activity (35 £ 2 x 10 pmol m™
min’') demonstrating that, for a given crystallographic phase, the intrinsic activity is independent
of surface area. A significant finding is the appreciably higher specific rate recorded for f-MozN.
This can be correlated with the greater hydrogen content relative to y-MozN, which, in turn, might
be related to the increased number of nitrogen deficient (higher Mo/N, see Table 3.3.2) surface
sites. The results demonstrate that p-CNB hydrogenation performance is sensitive to the nitride

phase where rate is proportional to surface area.
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3.3.3.3. Au/Mo2N
a. Preparation and Characterization

Catalyst supports, notably metal oxides, exhibit a characteristic pH-dependent surface
charge [278]. The pH associated with the point of zero charge (pHpzc) is a critical property that
determines the solution pH requirements to ensure effective precursor-support interactions during
catalyst preparation by D-P [279]. When pH < pHpzc, the support bears a positive charge (due to
protonation), favoring interaction with anionic species in solution and a pH in excess of pHpzc
results in a surface affinity for cationic species [280]. The pHpzc depends on the chemical nature
of the support rather than the crystallographic phase with equivalent values recorded for a- and y-
AlO3, TiOs-rutile and TiOz-anastase, maghemite (y-) and hematite (a-Fe2O3) [281]. The titration
curves associated with pHpzc measurements for f-MoxN (1a), y-MoxN-a (1b) and y-Mo2N-b (1¢)
are presented in Figure 3.3.8, yielding a similar value (3.4 + 0.1) for the three nitrides. No
published work that included a measurement of pHpzc for Mo2N could be found. The temporal pH
variations during the preparation of Au/f-MoxN (2a), Au/y-Mo2N-a (2b) and Au/y-MozN-b (2¢)
are also given in Figure 3.3.8. Initially, solution pH < pHpzc and an electrostatic interaction
between anionic gold species in solution (HAuCls and/or Au(OH)Cls") and the positively charged
support is favored [259]. The surface sites act as nucleation centers for Au deposition [282]. The
progressive decomposition of urea, as a result of the increase in temperature (up to 353 K), led to
a gradual increase in solution pH where pH > pHpzc. The support develops a negative surface
charge resulting in an electrostatic repulsion with anionic gold species. A combination of chemical
and electrostatic interactions between the precipitating species and the support are required to
facilitate metal deposition [279]. Moreover, supports with a greater surface area can facilitate a

more homogeneous nucleation, resulting in the formation of smaller supported Au ensembles. The
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ultimate Au loadings (0.26—0.59 mol%, see Table 3.3.2) are below the nominal 1 mol%, which

can be associated with the low pHpzc that characterizes the three nitride supports.
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Figure 3.3.8. (1) pH profiles associated with the point of zero charge (pHprzc) determination for

(a) f-MozN, (b) y-MozN-a and (¢) y-Mo2N-b. (2) Temporal pH (solid line) and temperature

(dashed line) variations in the preparation of (a) Au/f-MozN, (b) Au/y-Mo2N-a and (¢) Au/y-

Mo:N-b. Note: Dotted line identifies the pHpzc of the nitride; time during which pH < pHpzc is

given in italics.

98



A similar interpretation was proposed for a lower than expected Au content resulting from
deposition on SiO> (pHpzc = 2.2) [283]. The range of Au loadings obtained in this study can be
correlated to the synthesis time where solution pH < pHpzc, which was shortest (65 min) for f-
MozN, representing less favorable conditions for Au deposition resulting in the lowest metal
content. The Au loading on both y-Mo>N supports with similar times at pH < 3.3 (pHpzc) was
essentially equivalent.

A concomitant increase in BET surface area and pore volume was observed after Au
inclusion (Table 3.3.2). A similar phenomenon has been observed for the deposition of Pd and Au
on boron nitride [284] and attributed to the development of nanopores during thermal treatment
(drying and activation) with the release of water incorporated during deposition. The TPR profiles
associated with Au/f-MoxN (a2), Au/y-MozN-a (b2) and Au/y-MoaN-b (¢2) are presented Figure
3.3.4. Each is characterized by a principal H> consumption peak with T, = 606 + 4 K ascribed to
passivating layer removal where the incorporation of Au resulted in a decrease in reduction
temperature (by up to 60 K, see Figure 3.3.4(al)-(c1)). A similar effect has been noted elsewhere
[235] for the TPR of passivated MozN, i.e. shift to lower temperature by up to 140 K, following
Ni introduction. Moreover, the incorporation of Au on reducible carriers, e.g. FeoO3 [285] and
CexZr1x02 [286] has resulted in a significant decrease (by up to 400 K) in the temperature required
for partial reduction of the support. Reduction of oxide supported gold (Au*" — Au’) prepared by
D-P has been reported to generate a TPR peak at 7 < 500 K [273]. This was not a feature of this
study, suggesting a transformation of the Au precursor to metallic Au during preparation (pre-
TPR). This has been reported previously [287], notably in the synthesis of iron oxide supported
Au by co-precipitation. A reductive deposition of Au can occur on surface oxidized Mo species

(post-passivation). The significantly lower standard redox potential of ionic Mo (e.g. E° for
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H>MoVY'04/Mo™V 0, = +0.65 V) compared with ionic Au (E° for Au(OH)3/Au® = +1.32 V, E° for
Au"ICls/Au® = +1.00 V) [288] can act to reduce the Au precursor. The incorporation of Au was
accompanied by greater H, consumption during TPR (Table 3.3.2). This can be linked to (i) the
increase in surface area and (ii) hydrogen spillover (from Au). It is known that H> chemisorption
on supported Au is limited when compared with platinum group metals [289] but dissociative
adsorption can proceed on low coordination Au sites, i.e. at edges and corners [290]. The three
Au/nitride samples exhibited a measurable increase in H> chemisorption relative to the nitride
support (Table 3.3.2). Hydrogen TPD generated the profiles shown in Figure 3.3.5 for Au/f-
MozN (a2), Au/y-MozN-a (b2) and Au/y-Mo2N-b (¢2). In each case, the incorporation of Au
resulted in a significant increase in the amount of H» released (see Table 3.3.2). The TPD profiles
present a principal peak (746-813 K) at a lower temperature (by up to 60 K) than that recorded for
the nitride with an additional higher temperature (933 K) shoulder. These results indicate that the
addition of Au results in greater capacity for hydrogen uptake (and subsequent release) with a
distinct TPD response relative to the starting nitride.

Transmission electron microscopy was employed to obtain a measure of Au particle size.
Representative (1) medium and (2) high magnification TEM images with particle size distributions
(3) for (a) Au/f-MozN, (b) Au/y-MozN-a and (¢) Au/y-Mo,N-b are presented Figure 3.3.9. The
images reveal a well dispersed Au phase in the form of quasi-spherical nano-scale particles. The
diffractogram patterns for isolated Au particles are included (as insets) in the high magnification
images (2) where the d-spacings (0.20/0.23) are consistent with the (111) and (200) planes of
metallic gold. For the three catalysts, the Au particles (number average mean of 4-7 nm) are
predominantly within the size range (< 10 nm) that has been deemed critical for hydrogenation

activity [291]. The smaller mean Au size associated with y-MoxN (see Table 3.3.2) can be ascribed
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to the prolonged deposition time where pH < pHpzc (see Figure 3.3.8), resulting in stronger
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b. Catalytic Results

The chemoselective hydrogenation of nitro-compounds over oxide supported Au is now
established [141, 270]. It has been shown that Au catalysts preferentially promote N=O reduction
over other reactive functional groups, such as C=N [292],C=0 [293],C=C [270], Br [225] and Cl
[294]. Activity and selectivity are dependent on Au particle size [295] and the nature of the support
[141]. In the gas phase hydrogenation of p-CNB, the exclusive nitro-group reduction over Au
supported on non-reducible (SiO2, A12O3) [296] and reducible (CeO2, TiO2, Fe2O3) [294] carriers
has been demonstrated. The results of this study demonstrate that this chemoselective response
extends to Au supported on f-Mo:N and y-MooN where reaction exclusivity to p-CAN was
maintained. Moreover, incorporation of Au enhanced hydrogenation performance, as shown in
Figure 3.3.7, where the specific rate delivered by Au/f-MoxN exceeded that obtained with both
Au/y-MoxN (Table 3.3.3). Increased activity due to Au inclusion can be linked to an increase in

reactive hydrogen as established by TPD analysis.

3.3.4 Conclusions

Temperature programmed treatment of MoOs in flowing No+H> was used to synthesize
tetragonal f-Mo>N (7 m? g'') and cubic y-MoaN (36 and 66 m* g'!). The y-form exhibits a platelet
(ca. 15 pm x 25 um) morphology whereas f-Mo:N takes the form of aggregates of small (<5 um)
crystallites. Passivation of the synthesized samples provided a protective oxide layer that prevented
bulk oxidation and facilitated ex-situ handling. In the synthesis of Au/Mo2N, solution pH exceeded
support pHpzc (3.4 £ 1) resulting in a less favorable surface interaction with the anionic Au
precursor. This was particularly pronounced in the case of f-Mo;N and resulted in lower Au

loading and the formation of larger Au particles (mean diameter = 7 nm for Au/f-Mo2N vs. 4 nm
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for Au/y-MozN) after activation. Temperature programmed reduction to 673 K was necessary to
remove the passivation layer where the inclusion of Au shifted the TPR profile to lower
temperatures (by up to 60 K). 100% selectivity to the target p-CAN product in the hydrogenation
of p-CNB was achieved over MoxN, regardless of the phase. Hydrogen TPD analysis has
established H> uptake on each nitride during TPR where f-Mo2N exhibited a higher specific (per
unit area) Hz content relative to y-MozN. This is associated with a greater number of nitrogen
deficient sites on f-Mo2N (as established by XPS analysis), which translates into a higher specific
selective hydrogenation rate. An equivalent specific rate was obtained for both y-Mo>N samples,
indicative of invariance with respect to surface area. The addition of Au served to increase H»
uptake capacity and elevated hydrogenation rate where p-CAN was again the sole product; Au/f-
MozN outperformed Au/y-Mo2N. These results demonstrate that the combination of Au with Mo,N

is a viable catalyst formulation for selective nitroarene hydrogenation.
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3 4 Effect of Nitrogen Incorporation in Mo: Catalytic
* Hydrogenation vs. Hydrogenolysis

Abstract

The catalytic effect of nitrogen incorporation into Mo on hydrogenation (of -NO; to -NH> in
nitrobenzene) and hydrogenolysis (of -C=0 in benzaldehyde) processes is assessed in this chapter.
Bulk Mo was prepared by temperature programmed reduction of MoOs3 (in Hz to 933 K) and p-
MooN (confirmed by powder XRD) subsequently synthesized by Mo nitridation in N»/H,. Two
intermediate samples (MoN-1 and MoN-2) with different Mo/N ratio were prepared by altering
the duration (1 and 2 h) of the nitridation step. XPS analysis revealed a nitrogen surface enrichment
(Mo/N = 2.2 — 0.9 from MoN-1 to f-Mo;N) relative to the bulk (Mo/N = 4.9 — 2.6).
Incorporation of N did not affect morphology and each sample exhibited (by SEM analysis)
aggregates (<5 pum) of crystals (27-36 nm) with unchanged BET surface area (ca. 4 m? g).
Hydrogen chemisorption and release (by TPD) increased with decreasing Mo/N (Mo < MoN-1 <
MoN-2 < f-Mo2N). Gas phase hydrogenation of nitrobenzene to aniline exhibited increasing rate
from Mo — S-MoxN, attributed to higher availability of surface heterolytic hydrogen (on Mo-N).
In contrast, conversion of benzaldehyde to toluene was favored by increasing Mo/N (from f-MooN
— Mo) where hydrogenolytic -C=0 scission is favored by homolytic hydrogen chemisorption (on
Mo). These results provide the first evidence that N incorporation in Mo structure can control

catalytic hydrogenation vs. hydrogenolysis performance.
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3.4.1. Introduction

The application of Mo nitrides in catalytic hydrotreatment is now established [23, 297, 298].
Work to date has largely focused on hydrogenolysis with higher activity relative to commercial
Ni-Mo/Al>03 in hydrodesulfurisation [297] and hydrodenitrogenation [23]. Moreover, enhanced
hydrogenation selectivity has also been reported with respect to conventional supported metal (e.g.
Pd or Pt) catalysts [58, 176]. The two main allotropic forms (cubic y-Mo2N and tetragonal f-Mo2N)
have shown different catalytic properties where f-Mo2N has delivered higher specific (i.e. surface
area normalized) hydrogenation rates [ 14, 38,299, 300]. While the catalytic application of y-MooN
has been the subject of appreciable research [183, 243, 269, 301], the use of f-Mo2N has not been
considered to the same extent. Nevertheless, f-Mo,N has been employed to promote
hydrodenitrogenation of carbazole [18], hydrodesulfurisation of thiophene [13] and
dibenzothiophene [302] and in ammonia synthesis [38]. The potential of f-Mo:N in selective
hydrogenation has been recently demonstrated with promising results in the production of
functionalized anilines [178, 245, 246]. It is generally accepted that the adsorption and catalytic
properties of transition metal nitrides in hydrogen mediated reactions are governed by both bulk
structure and surface composition where (1) Mo oxidation state, (i1) degree of nitridation and (ii1)
Mo (nitrogen deficient Mo nitride) site density are critical parameters [303]. An explicit
identification of the catalytically active site(s)/species remains challenging. In the hydrogenation
of alkadiene, Mo at lower oxidation state (Mo®" where 0 < § < 4) was proposed to exhibit higher
activity, which was attributed to a more effective alkadiene activation [304]. An observed [23,
303] dependence of pyridine hydrodenitrogenation on surface Mo/N serves to illustrate the
importance of the degree of nitridation. Metallic Mo edge and N deficient sites have been proposed

as the principal source of hydrogenation and hydrogenolysis activity [14, 22, 243, 305, 306]. There
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is some evidence that H> adsorbs on Mo:N at nitrogen deficient sites [22, 243] and it has been
suggested that the activity response in the hydrogenation of carbazole (to perhydrocarbazole) [14,
305], indole (to indoline) [306] and butadiene (to butane) [243] is related to the action of metallic
Mo. Moreover, carbazole and perhydrocarbazole C-N hydrogenolysis is thought to proceed on N

deficiencies [ 14, 305] whereas hydrogenolysis of the indoline C-N bond occurs on Mo sites [306].

[-MoxN can be synthesized via temperature programmed reduction/nitridation of MoOs in
No/Hz [13, 38, 39]. Nitride formation follows a non-topotactic route, i.e. disruption of precursor
morphology, with a stepwise reduction (MoO3 — MoQO> — Mo) and subsequent nitridation [178,
248]. The oxide precursor (MoQOs3) can be reduced to Mo in H; at temperatures above 933 K [13,
178, 307]. Metallic Mo has exhibited catalytic activity in a range of H, mediated reactions,
including hydrogenation of benzene [307], 1-hexene [308, 309], alkadiene [304] and
hydrogenolysis of propanol [310]. A search through the literature revealed only one reported
comparison of the catalytic action of f~-Mo2N with Mo where the former delivered higher carbazole
hydrodenitrogenation but lower hydrogenation rates [14]. This was attributed to different active
site requirements for hydrogen scission and addition steps. In this study, the catalytic effect of a
systematic increased N incorporation into Mo structure on hydrogenation and hydrogenolysis was
examined. The Mo/N content can be effectively controlled by varying the duration or temperature
of the nitridation step [13, 249]. Drawing on previous work [178, 246, 311] that has established
nitro-group hydrogenation activity and selectivity for f-Mo2N, nitrobenzene was employed as
model reactant and hydrogenolysis performance was examined in the conversion of benzaldehyde

to toluene.
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3.4.2. Experimental

3.4.2.1 Catalyst Preparation

Bulk Mo was prepared in a horizontally mounted quartz reactor (1 cm i.d.) via temperature
programmed reduction of MoOs (ca. 4 g, 99.9995%, Alfa Aesar) in H> (30 cm® min™, GHSV =
460 h'') at 5 K min™ to 933 K, maintaining the final temperature for 75 h then switching to an Ar
flow (30 cm® min') for 30 min and cooling to ambient temperature. Samples for off-line
characterization were passivated at 298 K in 1% v/v Oz/He; no increase in temperature was
detected during passivation. The latter step was introduced to avoid uncontrolled sample oxidation
upon exposure to air [255]. The Mo powder obtained was then subjected to temperature
programmed nitridation in Ha/N», using a commercial CHEM-BET 3000 (Quantachrome) unit.
The Mo precursor was loaded in a quartz cell (0.4 cm i.d.) and contacted with 15 cm® min! (GHSV
= 1500 h'') 15% v/v Ha/N; at 298 K for 1 h and heated (5 K min™) to 933 K. The effluent gas
passed through a liquid N> trap and N> and H» consumption was monitored by a thermal
conductivity detector (TCD) with data acquisition/manipulation using the TPR Win™ software.
The TCD response is presented Figure 3.4.1. The final temperature (933 K) was maintained for 5
h at which point the signal returned to baseline, i.e. complete nitridation. It is known [249] that
altering the duration of the final isothermal hold can impact on the degree of nitridation. Two
partially nitrided samples, denoted as MoN-1 and MoN-2, were accordingly generated by
maintaining the final temperature for 1 h and 2 h, respectively (see Figure 3.4.1). The reaction
was then quenched by switching to an Ar flow (65 cm® min™') and the samples cooled to ambient

temperature with passivation, as described above.
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Figure 3.4.1. TCD response resulting from the temperature programmed treatment of Mo at 5 K
min! to 933 K in 15% v/v N2/Ha,. The final isothermal hold was maintained for 1 h,2 hand 5 h

(see solid arrow) to generate MoN-1, MoN-2 and f-MooN, respectively.

3.4.2.2 Characterization

Temperature programmed reduction (TPR)/desorption (TPD), BET surface area and H»
chemisorption (ambient temperature) were carried out using the CHEM-BET 3000 unit. Passivated
(Mo, MoN-1, MoN-2 and B-Mo>N) samples were loaded in a quartz cell and heated in 17 cm® min-
' 5% v/v Ho/N; at 5 K min"! to 673 K. The activated samples were maintained at the final
temperature in a constant flow of Ha/N, until return of the signal to baseline, swept with 65 cm?
min! N, for 1.5 h and cooled to ambient temperature. The samples were then subjected to Ha
chemisorption using a pulse (10 ul) titration procedure, followed by TPD in N> (65 cm® min!) at
45 K min! to 933 K. BET areas were determined in 30% v/v Nao/He using N as internal standard.
At least 3 cycles of N; adsorption-desorption in the flow mode were employed to determine total
area using the standard single point method. Measurements were reproducible to within = 6% and

the values quoted represent the mean. Powder X-ray diffractograms were recorded on a
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Bruker/Siemens D500 incident X-ray diffractometer using Cu Ko radiation. The samples were
scanned at a rate of 0.02° step™! over the range 5° < 20 < 85°. Diffractograms were identified using
the JCPDS-ICDD reference standards, i.e. Mo (42-1120) and B-MoxN (25-1368). Crystal particle
size (dnk) was estimated using the Scherrer equation:

_ KxA
BxcosO

i 3.4.1)

where K = 0.9, A is the incident radiation wavelength (1.5056 A), B is the peak width at half the
maximum intensity and 6 represents the diffraction angle corresponding to the main plane
associated with Mo (260 = 40.5°) and f-Mo2N (26 = 37.7°). Elemental (bulk nitrogen) analyzes
were conducted using an Exeter CE-440 Elemental Analyzer after sample combustion at ca. 1873
K. Analysis by scanning electron microscopy (SEM) was carried out with a Philips FEI XL30-
FEG equipped with an Everhart-Thornley secondary-electron (SE) detector, operated at an
accelerating voltage of 10-15 kV and using NORAN System SIX (version 1.6) for data
acquisition/manipulation. Before analysis, the samples were subjected to hydrocarbon
decontamination using a plasma-cleaner (EVACTRON). X-ray photoelectron spectroscopy (XPS)
measurements were conducted using an Axis Ultra instrument (Kratos) with a monochromatic Al
Ka X-ray source (1486.6 eV). Prior to analysis, the samples were adhered to a conducting carbon
tape, mounted in the sample holder and subjected to ultra-high vacuum conditions (<10 Torr).
The source power was maintained at 150 W and the emitted photoelectrons were sampled from a
square area of 750x350 um?; the photoelectron take-off angle was 90°. The analyzer pass energy
was 80 eV for survey spectra (0—1000 eV) and 40 eV for high resolution spectra (over the Mo 3d3/2
and Mo 3ds. binding energy (BE) range, 226-238 eV). The adventitious C 1s peak was calibrated

at 284.5 eV and used as internal standard to compensate for any charging effects. The instrument
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work function was calibrated to give a BE of 84.00 eV for the Au 472 line for metallic gold
(Metalor) and the spectrometer dispersion was adjusted to give a BE 0of 932.70 eV for the Cu 2p3,»

line for metallic copper (Metalor). Spectral curve analysis employed the CasaXPS software.

3.4.2.3 Catalytic runs

The catalytic conversion of nitrobenzene to aniline and benzaldehyde to toluene were carried
out under atmospheric pressure at 7 = 493-523 K, immediately after in situ activation, in a fixed
bed vertical glass tubular reactor (i.d. = 15 mm). The reactions were conducted under the operating
conditions where heat/mass transport limitations were negligible. A layer of borosilicate glass
beads served as preheating zone, ensuring that the organic reactant was vaporized and reached
reaction temperature before contacting the catalyst. The reaction temperature was continuously
monitored using a thermocouple inserted in a thermowell within the catalyst bed. Reactant (as a
solution in ethanol) was delivered at a fixed calibrated flow rate (1.2 cm® h'!) via a glass/Teflon air-
tight syringe and Teflon line using a microprocessor controlled infusion pump (Model 100 kd
Scientific). A co-current flow of the reactant and ultra pure H> (<1% v/v organic in H») was
maintained at a GHSV =2 x 10* h'! with an inlet reactant molar flow (F) of 9-38 umol h™'. The H»
content was well in excess of the stoichiometric requirement in respect to the products generated and
the flow rate was monitored using a Humonics (Model 520) digital flowmeter. The mass of catalyst
to inlet reactant molar feed rate (m/F) spanned the range 266-5281 g h mol™!. Reaction of benzyl
alcohol was also carried out over Mo and f-MooN (7= 523 K, m/F = 1250-2083 g h mol ') in order
to probe the benzaldehyde conversion pathway. In a series of blank tests, passage of each reactant
in a stream of Ha> through the empty reactor did not result in any detectable conversion. The reactor
effluent was frozen in a liquid nitrogen trap for subsequent analysis, which was made using a Perkin-

Elmer Auto System XL gas chromatograph equipped with a programmed split/splitless injector and
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a flame ionization detector, employing a DB-1 50 m x 0.33 mm i.d., 0.20 pm film thickness capillary
column (J&W Scientific). Nitrobenzene (Fluka, purity > 99%), benzaldehyde (Fluka, > 98%),
benzyl alcohol (Riedel-de Haén, > 99%) and ethanol (Sigma Aldrich, > 99%) were used as
supplied without further purification. All the gases (Hz, N2, Ar, O2 and He) employed were of ultra
high purity (> 99.99%, BOC). Reactant fractional conversion (Xng), taking nitrobenzene (NB) as
representative, was obtained from

_ [NB]ln —[NB]out

Xng (34.2)
[NB]in
and selectivity with respect to aniline (AN), as the target product, is given by
San (%) = [ANJw 300 (3.4.3)

[NB]in —[NB]out
Repeated reactions with different samples from the same batch of the catalyst delivered

conversion/selectivity values that were reproducibility to within + 4%.

3.4.3. Results and Discussion

3.4.3.1. Synthesis and Characterization

Treatment of MoOs in Hz to 933 K generated solely Mo, as confirmed by XRD analysis
(Figure 3.4.2(a)) where the only peaks detected (at 40.5°, 58.6° and 73.7°) match the JCPDS-
ICDD reference standard (42-1120) in terms of both position and relative peak intensity. There
were no detectable signals associated with the main planes of MoO3 (JCPDS-ICDD 35-0609) or
MoO; (JCPDS-ICDD 32-0671). The Scherrer expression (eqn. (3.4.1)) was used to calculate Mo
crystal size (dni = 36 nm, Table 3.4.1), which falls within the range (10-100 nm) of values quoted

in the literature [312].
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Figure 3.4.2. XRD patterns with crystallographic plane characteristic of each peak associated
with (a) Mo, (b) MoN-1, (¢) MoN-2 and (d) f-Mo2N. Note: XRD peak assignments are based on

JCPDS-ICDD reference data: (W) Mo (42-1120) and (A) f-Mo2N (25-1368).

SEM analysis was conducted to evaluate morphological features and a representative
micrograph for Mo is shown in Figure 3.4.3(a), which reveals irregularly shaped aggregates (<5
um). The associated BET area is low (ca. 4 m? g'!, Table 3.4.1) but comparable to that recorded
for commercial and laboratory synthesized Mo samples (1-13 m? g') [312]. The TCD response
generated during the nitridation of Mo is shown in Figure 3.4.1. The negative peak, observed
during the temperature ramp can be attributed to H> consumption due to the removal of the
passivation layer (see Experimental section) before incorporation of nitrogen. Nitrogen

consumption generated a broad positive signal with a return to baseline after the isothermal hold
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(5 h), indicating complete sample nitridation. The bulk Mo/N ratio for f-Mo2N determined from
N> consumed during nitridation (2.5) matches that obtained from elemental analysis (2.6; Table
3.4.1) and is in good agreement with the literature (2.5-2.8) [14, 38, 39]. XRD analysis (Figure
3.4.2(d)) confirms full nitridation with no peak(s) due to residual Mo in evidence. The 8 peaks
identified are consistent with the main reflections of f-Mo>N (JCPDS-ICDD 25-1368). A particle
size (dnk, Table 3.4.1) of 27 nm is in the upper range of values (3-30 nm) reported previously [14,
262, 300]. The equivalent crystal size obtained for Mo and f-Mo2N (36 nm vs. 27 nm) suggests
that no significant morphological modification occurred during nitridation. This also follows from
the f-Mo,N BET area that converges with the starting Mo (ca. 4 m? g'!) and is comparable with
values (2-17 m? g'!) [13, 38, 178] recorded for f-Mo2N synthesized via temperature programmed

reaction in No+Ho.

Catalysts Mo MoN-1 MoN-2 [-MooN Error
S-MoN:Mo? b 0.34:0.66 0.88:0.12 =€
BET (m? g™) 3.9 4.5 4.1 4.4
Bulk Mo/N - 5.194.9° 2.89/2.8¢ 2.592.6°
Surface Mo/N i 22 11 0.9 £0.1
231.3 231.7 231.8 231.8

Mo 3dBE (eV) 228.0 228.4 228.6 228.5

from XRD analysis

®da = 36 nm using (110) plane associated with Mo at 20 = 40.5° (see eqn. (1))
“dnk = 27 nm using (112) plane associated with f-MoxN at 20 = 37.7° (see eqn. (1))
dfrom N> consumption during nitridation

“from elemental analysis

Table 3.4.1. Bulk (#-Mo2N:Mo and Mo/N) and surface (Mo/N) composition, BET surface area

and XPS binding energies (BE) for Mo 3d.
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In order to probe the correlate Mo/N with the catalytic response, two additional samples
(MoN-1 and MoN-2) were generated by modifying the duration of the nitridation step, i.e. 1 and
2 h, respectively, relative to the 5 h required to generate f-MooN (Figure 3.4.1). The XRD
diffractograms shown in Figure 3.4.2 for (b) MoN-1 and (¢) MoN-2 exhibit only peaks due to Mo
and f-Mo:N. The intensity ratio of the principal plane for f-MoxN (at 37.7°) relative to that of Mo
(40.5°) was used to estimate the f-Mo2N:Mo ratios (see Table 3.4.1) where a higher MooN content
was established for the composite sample MoN-2 subjected to nitridation for 2 h. The bulk Mo/N
measured from N> consumption and elemental analysis of the solid samples are again in good
agreement where the ratios follow the order MoN-1 > MoN-2 > f-Mo:N. Representative
micrographs for (b) MoN-1, (¢) MoN-2 and (d) f-Mo2N shown Figure 3.4.3 reveal an equivalent

overall morphology that matches the starting Mo, as noted elsewhere [178, 248].
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Figure 3.4.3. Representative SEM micrographs for (a) Mo, (b) MoN-1, (¢) MoN-2 and (d) -

MozN.

In previous work [178], it was proposed that a disruption of the crystal structure occurs
during the MoO3 — MoO: reduction step and the resultant structure is retained in the subsequent
steps MoO2 — Mo — f-MozN. This is in agreement with the results presented here where the
switch from a body-centered cubic to tetragonal structure with nitrogen incorporation was not
accompanied by any distinguishable variation in morphology or surface area (Table 3.4.1).

XRD and elemental analyzes provide information on bulk properties but these can differ
significantly from surface characteristics [313]. As the catalytic step proceeds on the surface

actives sites, complementary characterization of surface composition is essential. The XPS profile

116



measured for Mo (Figure 3.4.4(a)) is dominated by a peak with a binding energy (BE) =228.0 eV
that can be attributed to Mo®" (0 < § < 2) for passivated Mo. While metallic Mo is characterized
by a Mo 3ds spin component at 227.8 + 0.1 eV [308, 309, 314], the formation of a passivating
oxide layer is known to shift the peak to higher BE [304, 308]. The XPS profile for f-MooN
(Figure 3.4.4(d)) exhibits a main signal at higher BE (= 228.5 eV) that is characteristic of Mo®"
(2 <6 < 4) for passivated f-MoxN [16, 27, 262]. The second spin component for both Mo and f-
MoxN (BE given in Table 3.4.1) can be ascribed to contributions from Mo*" (229.9 eV [315]) and
Mo’" (231.6 eV, [255, 316]) species. The Mo 3ds signal for f-MoxN is shifted to a significantly
higher BE (by 0.5 eV) relative to Mo, indicating differences in oxidation state for both samples.
The XPS response for MoN-1 (b) and MoN-2 (c¢) largely converges with the profile for f-MozN,
with a main peak at 228.5 = 0.1 eV. This suggest that there is no significant influence due to the
degree of nitridation on the distribution of Mo valence states, which is in agreement with the
literature [249]. The signal at higher BE (235.7-236.0 eV) for the four samples can be related to

the occurrence of Mo®" resulting from the passivation step [38, 316].
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Figure 3.4.4. XPS spectra in the Mo 3d region for (a) Mo, (b) MoN-1, (¢) MoN-2 and (d) f-MoxN.

The samples of surface Mo/N obtained from XPS (Table 3.4.1) confirm decreasing Mo/N with
increasing nitridation and demonstrate a surface enrichment by nitrogen relative to bulk values.
Demczyk and co-workers [313] also observed a higher surface nitrogen content and attributed this
to a stoichiometry (possibly Mo2N3.xOx) that differs from the bulk. Moreover, Ghampson et al.
[300] proposed that nitrogen can be accommodated on the near surface at interstitial sites and
defects, such as grain boundaries leading to lower Mo/N. The results establish four distinct
samples, pure Mo and f-Mo;N and two composites (MoN-1 and MoN-2) with (a) similar
morphological characteristics (<5 um aggregates of crystals (27-36 nm) and surface areas (ca. 4

m? g)), (b) decreasing Mo/N in the order Mo > MoN-1 > MoN-2 > f-Mo,N with a higher surface

118



(relative to bulk) nitrogen content and (c) Mo®" species (0 < § < 6) where increased N content

resulted in higher oxidation states.

3.4.3.2. TPR, H2 Chemisorption-TPD

Removal of the passivation layer, prior to catalysis, was achieved by TPR. The profile for
the passivated Mo is presented in Figure 3.4.5(al) and shows a single positive peak at 673 K. Li
et al. [304] also applied a reductive treatment (in H» to 723 K) to remove the protective oxide layer

from Mo but did not provide any detailed TPR analysis.
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Figure 3.4.5. H> (a) TPR and (b) TPD profiles (solid lines) with temperature ramp (dotted lines)

generated for passivated (I) Mo and (IT) f-Mo2N.
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TPR of f-MooN Figure 3.4.5(all) also exhibited a similar H> consumption peak with a Timax that
is within the 590-780 K range reported for passivated Mo,N [19, 183]. The TPR profiles for MoN-
1 and MoN-2 (not shown) generated an equivalent response, i.e. single peak at the same Tmax. The
passivation treatment can be assumed to result in a monolayer oxygen coverage and H, consumed
during TPR should be proportional to surface area. Equivalency in H, consumption for the four
samples (Table 3.4.2) is consistent with the similar total (BET) area (ca. 4 m* g!). Hydrogen
uptake (by pulse titration) and release (by TPD) were measured and the results are given in Table
3.4.2. The available literature on the dynamics of H interaction with Mo is limited [317-319].
ARPES [318] and LEED [319] analyzes have shown that H> can adsorb on the (110) plane of Mo
although quantitative measurements were not provided in these studies. A total H» uptake of 0.23
umol g™! was recorded on Mo at ambient temperature but no value was found to compare this with
one in the open literature. A measurably higher H> chemisorption capacity was observed for /-
MoN (0.35 pmol g!, Table 3.4.2) while adsorption on MoN-1 and MoN-2 delivered intermediate
values where uptake increased with increasing degree of nitridation. This is consistent with
publications [243, 320-322] indicating that the incorporation of N in Mo-phase creates
supplementary sites that can modify reactant (H> and organic) adsorption and alter the catalytic
response. Hydrogen interaction with metallic Mo leads to homolytic dissociation [4] while
heterolytic dissociation on Mo-N pairs results in Mo-H and N-H formation [17, 24]. Both
dissociation mechanisms are possible for Mo nitride but heterolytic interaction is favored on
coordinatively unsaturated Mo sites [24]. Hydrogen TPD generated the profiles for (I) Mo and (II)
S-Mo2N shown in Figure 3.4.5(b), which are characterized by H» release over a broad temperature
interval with Thax in the final isothermal hold (933 K). Desorption at temperatures >500 K has

been associated with loss of H> from bulk f-MooN [20]. Hydrogen released during TPD
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(Table 3.4.2) was up to 30 times greater than that chemisorbed, suggesting that the major uptake
occurred during TPR. A migration of hydrogen to nitride sub-layers has been proposed, which
results in strong interactions [17, 20, 24] and the requirement of elevated temperatures for release.
The enhanced H> chemisorption (and total release) observed in this study can be linked to lower

surface (and bulk) Mo/N ratios, where the incorporation of nitrogen serves to facilitate H> uptake.

Catalysts Mo MoN-1 MoN-2 S-MoxN Error
TPR H> consumption 141 143 151 174 )
(umol g)
Hz chemisorption 0.23 0.26 0.33 0.35 +0.01
(pmol g7)
H: TP]_)l 5.5 5.6 7.1 7.9 0.05
(hmol g7)

Table 3.4.2. Hydrogen consumed during TPR with (ambient temperature) H» uptake in

subsequent chemisorption and release during TPD.

3.4.3.3. Hydrogenation Activity: Nitrobenzene to Aniline

The catalytic activity of Mo nitrides in nitro group reduction has been demonstrated [245,
246]. Taking nitrobenzene as a model reactant, the effect of N incorporation in Mo on
hydrogenation performance was studied, taking Mo and f-MozN as the two boundary systems.
Hydrogenation of nitrobenzene generated aniline (Figure 3.4.6(a)), an important aromatic amine
used as an intermediate in commercial dye, fine chemical (e.g. polyurethane) and pharmaceutical
(e.g. antifebrin) manufacture [323]. This reaction has been extensively studied [223, 324, 325] and
nitrobenzene is commonly used as a model reactant to test the catalytic potential of new systems
for -NO- reduction. Nitrobenzene adsorption can proceed via the aromatic ring or nitro group,
where the latter generates aniline [223, 225]. Strong interaction through the aromatic ring can

result in the formation of cyclohexylamine (over Ni film [326]) or nitrocyclohexane (over Rh
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complex [327]). The four systems (Mo, MoN-1, MoN-2 and -MoxN) considered in this study
produced aniline as the sole product. No published reports of the application of Mo in the
hydrogenation of nitro-compounds could be found but IR analysis [277] has shown that NO, can
adsorb on Mo (110). It has been previously demonstrated that nitrobenzene hydrogenation to
aniline proceeds over f-MoxN in liquid phase batch operation [246]. The data presented here
confirm that this extends to continuous gas phase reaction where exclusivity to aniline as product
suggests nitrobenzene activation on both Mo and f-Mo2N via the nitro functionality. This is also
consistent with literature that has demonstrated weak interaction of the aromatic ring with MoO3

[260], Mo nitride [246] and carbide [260, 328].

NO, NO, NH, NH,
3 H, 3 H, 3 H,
- ﬁ —_—

Nitrocyclohexane  Nitrobenzene Aniline Cyclohexylamine
(b) é é
Benzene Benzaldehyde  Hexahydro-benzaldehyde

2H2 H2 \2H2

S b

Cyclohexylmethanol Phenylmethanol Toluene Methylcyclohexane

Figure 3.4.6. Reaction pathways associated with the hydrogenation of (a) nitrobenzene and (b)

benzaldehyde; bold arrow identifies the step(s) observed in this study.
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Representative time on-stream nitrobenzene conversion (Xng) profiles are presented in
Figure 3.4.7(a). In each case, there is a temporal decline in conversion that can be expressed in
terms of the empirical relationship [225]

(XNB — Xo) t

= 3.44
(X4h - Xo) (,B"'t) ( )

where Xan represents fractional conversion after 4 h on-stream and S is a time scale fitting
parameter. Deactivation of Mo nitride in hydrogenation reactions has been examined by IR [177]
and XPS [33] and attributed to nitrogen loss and carbon deposition during reaction. Moreover, the
water generated during -NO> reduction has been proposed to have a detrimental effect on activity
[329]. Values for initial conversion (Xo) were obtained from the fit to eqn. (3.4.4); the goodness of
the fit is illustrated in Figure 3.4.7(a). The applicability of pseudo-first order kinetics has been
previously established [178, 299]

In(l— X,)* =k (gj (3.4.5)

where m/F represents the ratio of mass of catalyst to inlet nitrobenzene molar feed rate. The
pseudo-first order kinetic plots are given in Figure 3.4.7(bI) where the linear fit (passing through
the origin) confirms adherence to the model. The extracted rate constants (ki, umol g'! h'!), as a
measure of activity given in Table 3.4.3 and plotted in Figure 3.4.8, exhibit an increase in the
order: Mo < MoN-1 < MoN-2 < -Mo;N. This matches the observed order of increasing H»
chemisorption and release (TPD) (Table 3.4.2). This in turn, can be correlated with increasing N
content (decreasing Mo/N ratio, see Table 3.4.1). Given that an increase in surface N content (from
Mo — MoN-1 — MoN-2 — f-Mo02N) can enhance heterolytic H> dissociation on Mo-N pairs, i.e.

formation of Mo-H and N-H [17, 24], this must contribute to the increase hydrogenation activity.
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Figure 3.4.7. (a) Variation of nitrobenzene fractional conversion (Xng) with time on-stream
(m/F =800-900 g h mol™); (b) pseudo-first order plots for hydrogenation of
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124



Nitrobenzene hydrogenation proceeds via a nucleophilic mechanism [223], where the
polarized N=O function undergoes nucleophilic hydrogen attack with the formation of a negatively
charged intermediate. Nitrogen inclusion in Mo modifies (from XPS analysis (Figure 3.4.4)) the
surface oxidation state and may facilitate polarisation of the -NO> group leading to increased
reaction rate. Indeed, HREELS analysis [322] has identified NO interaction with both Mo and N

sites and -NO; activation may be sensitive to surface Mo/N, which influences hydrogenation rate.

3.4.3.4. Hydrogenolysis Activity: Benzaldehyde to Toluene

The catalytic hydrogenation of benzaldehyde has been promoted using transition metals (Pt,
Pd, Ru, Au and Ni) supported on oxides (Al203, ZrOz, CeOz, TiO; and SiO2) in both liquid [330-
333] and gas [234, 334-336] phase operation. The reaction pathway is shown in Figure 3.4.6(b)
where benzyl alcohol and toluene have been the principal reported products. The conversion of
benzaldehyde to benzyl alcohol follows a nucleophilic mechanism [334] where -C=0 polarization
renders the oxygen susceptible to attack with proton transfer [337]. Toluene can result from
hydrogenolysis of benzaldehyde, which is favored by a strong surface interaction with the carbonyl
oxygen that undergoes hydrogenolytic cleavage [338]. Conversion of benzyl alcohol to toluene
over oxide supported metals has been proposed to involve adsorption/activation of the alcohol on
the support and reaction with hydrogen dissociated at the metal site [337]. When benzaldehyde is
strongly held on the surface, e.g. in the presence of strong basic sites, benzene is formed directly
from hydrogenolysis [339]. Methylcyclohexane can result from the further reduction of toluene,
e.g. over Ni/AlbO3 [335]. In liquid phase operation over Ru/C, hydrogenation of the aromatic ring
generated hexahydro-benzaldehyde [340] and cyclohexylmethanol [333] from benzaldehyde and

benzyl alcohol, respectively.
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Reaction over the four catalytic systems in this study (Mo, MoN-1, MoN-2, f-Mo:N)
generated toluene as the sole product, consistent with hydrogenolytic character. f-Mo2N has
exhibited catalytic activity in C-N [18] and C-S [13, 302] hydrogenolysis. The work of Ghampson
et al. [300] who reported C-O hydrogenolysis in the conversion of 2-methoxyphenol to phenol
over y-MoxN can be flagged. Moreover, Guerrero-Ruiz and co-workers [58] have recorded an y-
MooN/C promoted -C=0 (crotonaldehyde) hydrogenolysis. A pseudo first order kinetic treatment
was also applicable to the benzaldehyde reaction data, as demonstrated in Figure 3.4.7(bII); the
associated rate constants are given in Table 3.4.3. In order to establish if toluene is generated by
direct conversion of benzaldehyde or successive (benzaldehyde — benzyl alcohol — toluene)
steps, the reaction of benzyl alcohol under the same conditions was examined over Mo and S-
MozN. Benzyl alcohol was converted with 100% selectivity to benzene where the rate constant
over Mo (124 umol g! h'') and f-MoxN (49 pmol g! h'') was significantly higher than that
observed for benzaldehyde as reactant (Table 3.4.3). These results indicate that toluene must be
formed by direct hydrogenolysis of the carbonyl group. In marked contrast to nitro group
reduction, the activity sequence follows the order f-Mo,N < MoN-2 < MoN-1 < Mo, as depicted
in Figure 3.4.8, suggesting that increased heterolytic hydrogen dissociation (on Mo-N) does not
favor reaction and benzaldehyde hydrogenolysis must result from the reaction of homolytic surface
reactive hydrogen. The catalytic response can also be influenced by benzaldehyde
adsorption/activation and the results suggest enhanced -C=0 activation for hydrogen scission on
Mo relative to f-MooN. No reported study of aldehyde adsorption on MoN has been found but IR
analysis of acetaldehyde uptake on Mo>C [341] has revealed a chemisorptive interaction of the
carbonyl oxygen with Mo that preceded C-O bond scission. It also be noted that Mo exhibits

greater capacity for CO uptake than Mo2N [243] where repulsive interaction prevails between the
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negatively charged nitrogen and the oxygen lone pair [342]. Moreover, a stronger interaction of
organic reactants (e.g. alkadiene [304], benzene [315], 1-butene [321]) has been reported for Mo
species at low oxidation states. The shift in the XPS response to higher BE (higher Mo oxidation
state) after incorporation of nitrogen may then result in a weaker interaction of benzaldehyde with

the Mo nitride surface relative to Mo.
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Figure 3.4.8. Rate constants associated with the hydrogenation of nitrobenzene to aniline (k1, <)
and benzaldehyde to toluene (k2, %) over Mo, MoN-1, MoN-2 and f-Mo2N with 100%

selectivity over all samples.

Catalysts Mo MoN-1 MoN-2 S-MoxN
ki (£ 4%) 249 271 319 407
k2 (£ 4%) 46 37 30 26

Table 3.4.3. Rate constants (umol g! h'!') for the conversion of nitrobenzene (k1),

and benzaldehyde (k2).
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These results suggest the respective contribution of heterolytic (on Mo-N) chemisorbed
hydrogen to catalytic hydrogenation. A decrease in Mo/N ratio lowers the available hydrogen for
hydrogenolysis but enhances hydrogenation rate (Figure 3.4.8). It is recognized that catalyst
performance may not be governed by surface hydrogen alone and the dynamics of the surface

interactions by the organic (nitrobenzene and benzaldehyde) reactant can have a major bearing.

3.4.4. Conclusions

Hydrogen mediated reaction of nitro- (nitrobenzene) and carbonyl- (benzaldehyde)
functions shows contrasting dependence on Mo/N ratio. Variation in Mo/N is possible by
controlling the duration of Mo nitridation (in N2/Hz) where f-Mo2N was the product of complete
nitridation. Surface area (ca. 4 m? g'') and bulk morphology (aggregates (<5 um) of crystals (27-
36 nm)) remained unchanged during nitridation. XPS measurements have revealed a surface
enrichment by nitrogen (lower Mo/N) relative to the bulk where the passivated nitrided samples
exhibit higher oxidation states of Mo than passivated Mo. Ambient temperature H> chemisorption
and release (during TPD) was elevated with increasing nitridation. A higher rate of nitrobenzene
hydrogenation with 100% selectivity to aniline with decreasing Mo/N is attributed to increased
availability of reactive heterolytic dissociated hydrogen (on Mo-N). Reaction of benzaldehyde
resulted in toluene formation where rate was enhanced with increasing Mo/N, consistent with the

contribution of homolytic hydrogen (on Mo) to hydrogenolytic -C=0 attack.
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Chapter 4

Structured  Catalysts for  Selective
Hydrogenations

Structured catalysts were designed for the selective C=C — C=C and NO> — NH;
transformations. Pd and Ni nanocolloids were prepared with controlled crystal sizes and deposited
on a structured carbon-based support. The effect of the components involved in the preparation of
metal NPs like the reducing and the stabilization agents was precisely identified to define an

optimized catalyst composition for the two case studies.
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4 1 Impact of Organic-Ligand Shell on Catalytic Performance
¢ of Colloidal Pd Nanoparticles for Alkyne Gas-phase
Hydrogenation

Abstract

Monodispersed Pd nanoparticles (NPs) have been prepared by colloidal technique and
deposited on a structured support consisting of carbon nanofibers (CNF) grown on sintered metal
fibres (SMF). The surface properties of Pd NPs have been fine-tuned by (i) changing the nature of
stabilizing agent (electrostatic vs. steric), (ii) controlling Pd NPs size (2-10 nm) and (iii) grafting
N-containing ligands onto the CNF/SMF surface. In the semi-hydrogenation of acetylene (7'=393
K; P = 1 bar) catalytic response was insensitive to the nature of the reducing agent where
equivalent activity/selectivity were obtained over Pd NPs with similar dispersion, prepared with
the same stabilizer.

A similar product distribution was recorded over Pd NPs with similar crystal size
irrespective of the colloidal stabilizer (electrostatic vs. steric). In contrast, a stronger inhibiting
effect on hydrogenation rate has been found with electrostatic stabilizer (sodium di-2-
ethylhexylsulfosuccinate) as compared to the steric ones (polyvinylpyrrolidone or
polyvinylalcohol) and assigned to geometric and electronic effects. Decrease (from 8§ — 2 nm) in
Pd NPs size results in a concomitant decrease in activity (antipathetic size-sensitivity), but higher
selectivity to target ethylene product. Grafting of nitrogen-containing modifiers (polyvinylpyridine
or polyethylenimine) on the CNF/SMF support results in a significant increase in olefin selectivity
(up to 93%) where the catalyst shows remarkable stability during 120 h on-stream. This is

explained by the electronic modifications promoted by interactions between the Pd NPs and the
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grafted ligands as confirmed by XPS analysis. In comparison, stabilizer-free PA/CNF/SMF has
low selectivity to ethylene (65%). In summary, controlled size Pd (core) nanoparticles with organic
ligands (shell) demonstrated increased selectivity and remarkable stability in catalytic gas-phase

alkyne semi-hydrogenation opening new tools for rational catalyst design.

4.1.1. Introduction

The conventional preparation methods for heterogeneous catalysts based on
impregnation/deposition of metal precursors followed by drying, calcination and activation steps
[343] present difficulties in terms of controlling metal nanoparticle (NP) size and shape, known to
be of fundamental importance for catalysis. Colloidal techniques have emerged as a valuable
alternative for tailoring metal NP morphology [79, 120]. A control in metal crystallite size allows
optimizing the surface to volume ratio, maximizing the use of noble metals and allowing to control
catalytic performance [344]. Organic surfactants are typically employed during the synthesis of
metal nanocolloids in order to prevent undesired agglomeration. Nonetheless, the presence of these
compounds, even in trace amounts, on the NP surface can have an impact on catalytic response.
Up to date, the influence of metal NP size and the nature of organic shell on hydrogenations, ca.
20% of the reactions in the manufacture of pharmaceuticals and fine chemicals [345], has been
mainly studied for liquid phase reactions [74] since ligands are more flexible in solutions (due to
adsorption equilibrium) allowing the activation of adducts. For example, polymer-stabilized Pt and
Pd NPs were shown to be active and highly selective in different liquid-phase reactions including
hydrogenations [84].

However, these results cannot be easily extrapolated to gas-phase hydrogenations where the

organic shells are believed to block the active sites with detrimental effect on catalytic activity.
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Borchert ef al. for the first time showed that supported colloidal Pt NPs can be used in gas-phase
catalysis without prior ligand removal [346] offering new prospective for the design of supported
catalysts. Not only small molecules, like CO, can penetrate the ligand shell, but also the adsorption
of sterically more demanding molecules, like benzene [347], has been reported. However,
systematic studies about the fate of organic shell under gas-phase reaction conditions are very rare.
On the other hand, electronic and/or steric influences due to the partial coverage of metal NPs by
ligands may cause a change in selectivity as compared to shell-free metal surface. Recently
published reports [86, 348] demonstrated the influence of organic ligands on catalytic properties.
However, systematic studies about a beneficial effect of different ligand shells on the identical
metal core (e.g. metal NPs size) during gas-phase hydrogenations are still warranted.

The method of the colloidal NPs preparation and their deposition onto support is
schematically depicted in Scheme 4.1.1. Two main variables can be identified, namely: reducing
and stabilizing agents [85]. The reducing agent promotes the M*" — MO reduction step and its
effect on catalytic response has been flagged elsewhere [349]. The nature of stabilizing agents can
be identified as: steric, i.e. stabilization through polymeric layers [350], and electrostatic [84]
(stabilization via surface charges resulting in repulsion between NPs). Preformed NPs usually
undergo a cleaning step from an excess of organics with the subsequent deposition on a suitable
solid support. Furthermore, the support itself can be modified by grafting of different ligands
controlling the microenvironment of the metal NPs which, in turn, can impact on the catalytic
response [351].

The goal of this work is to study the influence of organic shell over nanocrystal core of
colloidal pre-prepared Pd® NPs regarding their catalytic response in selective C=C — C=C

hydrogenation by identifying the best stabilizer, reducing agent and the ligand grafted onto the
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support. The semi-hydrogenation of acetylene, as an important process for the removal of alkyne
impurities from ethylene effluents obtained by cracking of heavy hydrocarbons [352], has been
selected as a probe reaction. Palladium, known to be the best in terms of combined
activity/selectivity for C=C bond partial hydrogenation, [120] is the metal of choice. The Pd-NPs
were prepared using both electrostatic (sodium di-2-ethylhexylsulfosuccinate (AOT)) and steric
(polyvinylalcohol (PVA) and polyvinyl pyrrolidone (PVP)) stabilizers.

In order to clearly demonstrate the beneficial or detrimental effect of the organic shell on the
catalytic properties of palladium, the identical Pd° NPs bearing the same size with and without
ligands have been compared. The catalyst prepared via conventional impregnation of the same

support has been used as a reference.

Pd** precursor

Reducing Agent . Impregnation \
it Reduction
Stabilizer
wh iy e
%ﬁg%%
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Scheme 4.1.1. Schematic representation of the method used for the preparation of supported Pd-

nanoparticles: conventional impregnation versus colloidal technique.
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4.1.2. Experimental

4.1.2.1. Materials and Analytical Methods

Palladium (II) chloride (Aldrich), sodium chloride (> 99.5%, Fluka), hydrazine monohydrate
(HH, >99.0%, Fluka), L-ascorbic acid (AA, 99.0%, Sigma-Aldrich), n-butanol (But, 99.5%, Acros
organics), ethanol (Et, > 99.0%, Acros organics), methanol (Met, > 99.8%, Sigma-Aldrich),
isooctane (2,2,4-trimethylpentane, > 99.5%, Sigma-Aldrich, extra-dry), polyvinylpyrrolidone
(PVP, Aldrich), polyvinylalcohol (PVA, Fluka), polyvinylpyridine (PVPy , Aldrich),
polyethylenimine (PEI, Aldrich), palladium (II) acetate (98%, Aldrich) and acetonitrile (ACN, >
99.5%, Sigma-Aldrich) were used as received without further purification. Sodium di-2-
ethylhexylsulfosuccinate (AOT, 98%, Aldrich) was firstly vacuum-dried for 24 h at 333 K prior
use. Hydrogen was produced on-site with a hydrogen generator (NMH> 500, Schmidlin-DBS AG)
while the rest of the gases (acetylene and Ar) were of high purity (>99.7%, Carbagas).

The composition of the gas mixture was analyzed using a HP 6890 gas chromatograph
equipped with an extraction valve (periodical sampling every 10 min), a programmed split/splitless
injector, and two (flame ionization (FID) and thermal conductivity (TCD)) detectors employing a
Carboxen 1010 (Supelco, Fluka Holding AG, Switzerland) capillary column. The concentrations
of the reactant/product species were determined from the total mass balance in the reaction
mixture. Hydrogenation activity is expressed in terms of the conversion of acetylene under a steady

state (Xc,H,):

Ne . in =N
X, (%) = 22 S0l 100 (4.1.1)
C,H,,in
where n. ,, represents the number of moles of acetylene; the subscripts “in” and “out” refer to the

inlet and outlet streams.
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Catalyst activity is also quantified in terms of quasi-steady-state specific (per m* of surface
Pd) reaction rate and calculated as:

F.o o XX, xpp, xd
r(molc mgg h™) = cl CéHZ i

(4.1.2)

where Fc,n,,in is the inlet molar flow of acetylene (mol s'), prq the Pd density (g m™) and d-
the NPs mean diameter obtained from TEM/STEM analyzes. The selectivity, e.g. of ethylene

(Sc,n,) as the target product is given by:

r]C2H4,0ut

Se.u, (%) = x100 (4.1.3)

Nc,H,.in ~Ne,H, out

while the selectivity to green oil (Sgreen oil) Was obtained from a mass balance: [353]

Sgreen oil(%) :100_(SC2H4 +SC2H6) (4.1.4)

4.1.2.2. Catalyst Preparation

The Pd NPs were synthesized via colloidal technique using a series of reducing (HH, AA,
Et, Met, and But) and stabilizing (AOT, PVP, and PVA) agents. The supported catalysts were
prepared by deposition of colloidal dispersions containing the monodispersed Pd NPs were
deposited via impregnation on a structured support consisting in carbon nanofibers (CNF) grown
on sintered metal fibers (SMF) prepared following the method as described in detail elsewhere
[104]. For the ligand-grafted supports, the incorporation of the co-modifiers (PVPy or PEI) was
carried out by impregnation of the CNF/SMF support, followed by deposition of the Pd NPs
dispersions as described above. The catalytic systems without and with co-modifier employed in
this study are denoted as Pd(d)r;s and Pd(d)rsm, respectively, where “R”, “S” and “M” refer to the

reducing, stabilizing and co-modifying agents while “d” is the mean Pd NPs diameter obtained
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from scanning transmission electron microscopy (STEM) analyzes. More detailed information on

the synthesis conditions for each individual catalyst is summarized in Table 4.1.1.

Colloids NaxPdCl4 Reducing Agent Stabilizer Co-modifier d

(g x10%  (volume at 25°C, cm®) (mass, g x 10) (50 cm?®) (nm)
Pd(6)smsor 14 HH (1) AOT (155) ; 6+0.8
PdA(8)umaor 23 HH (2) AOT (155) - 8+ 1
PA(9)smaor 32 HH (2) AOT (155) ) 9 +1
Pd(10)uwaor 41 HH (3) AOT (155) - 10£0.9
PA(2)eurve 146 Et (600) PVP (11) ) 2404
Pd(3)ueve 146 Et (600) PVP (11) - 3403
Pd(4)anpve 146 AA (30) PVP (11) ) 4403
PA(10)sspve 146 HH (3) PVP (11) ) 10+1.5
PA(10)eurve 146 Et (30) PVP (11) - 10+2
Pd(5)aamva 146 AA (30) PVA (4) - 5£13
Pd(5)errva 146 Et (300) PVA (4) - 5412
PA(6)surpva 146 But (300) PVA (4) - 6+1
Pd(7)sipva 146 HH (3) PVA (4) ) 7+1.1
Pd(10)mevpva 146 Met (300) PVA (4) - 10+22
PA(2)eurveves 146 Et (600) PVP (11) PVPy 2404
1) - 146 Et (600) PVP (11) PEI 2404
Pd(4)anpvemves 146 AA (30) PVP (11) PVPy 4403
PA(4)anpveper 146 AA (30) PVP (11) PEI 4403

HH: hydrazine hydrate; AA: ascorbic acid; But: n-butanol; Et: ethanol; Met: methanol; AOT: sodium di-2-ethylhexylsulfosuccinate;
PVP: polyvinyl pyrrolidone; PVA: polyvinylalcohol; PVPy: polyvinylpyridine; PEI: polyethylenimine.

Table 4.1.1. Metal precursor, reducing agents, stabilizers and ligands grafted onto the support
(with specific amounts) used in the synthesis of monodispersed Pd NPs with associated crystal

size (d).
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a. Monodispersed Pd Nanoparticles
e Stabilizing Agent (I): Sodium di-2-ethylhexylsulfosuccinate (AOT)

A series of AOT-stabilized Pd NPs were synthesized according to the procedure described
previously [354] but some details pertinent to this study are given below. 15.45 g of AOT were
dissolved under stirring (ca. 500 rpm) in dried isooctane (100 cm?) and the obtained solution was
divided in two equal volumes (50 cm?), i.e. solutions 1 and 2. Solution 1 was mixed with an
aqueous solution of HH (3 M). Solution 2 was mixed with an aqueous solution of Na,PdCls (5 M,
pH 9 adjusted with ammonia prior salt addition). Both solutions were subsequently mixed and left
under vigorous stirring (ca. 500 rpm) for 1 h at 323 K. A change in the solution color from
transparent to dark-brown at the end of the synthesis procedure confirms the formation of Pd’ NPs
[355]. Isooctane was then evaporated (323 K, 40 min) and the excess of surfactant was removed
by redispersion in Et (30 cm?) followed by centrifugation (8000 rpm, 20 min) repeated 3-times.
Variations in the water/AOT molar ratios (i.e. 3, 5, 7, and 9) resulted in the formation of Pd NPs
with various sizes (6, 8, 9, and 10 nm, respectively, denoted as Pd(6)unaor, PA(8)umaor,
Pd(9)uwaor and Pd(10)umaor in this work).

e Stabilizing Agent (II): Polyvinyl pyrrolidone (PVP)

The methodology employed has been reported in detail elsewhere [87, 356] but the main
synthesis steps are described below. For the preparation of Pd(2)eseve and Pd(10)eveve two
different volumes (600 cm® and 30 cm?, respectively) of an aqueous PVP solution containing Et
as reducing agent (3:2 v/v water+Et) were mixed with an aqueous solution of the metal precursor
(Na2PdCls, 10 cm®; PVP/Pd = 20). The reaction mixture was left at 373 K for 3 h. The Pd(3)rvpve
NPs were synthesized via stepwise growth using Pd(2)eseve as seeds. A 3/2 v/v water+Et (600 cm?)

solution of PVP containing Pd(2)eseve (2.5%10™ mol) colloids was mixed with additional solution
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of the metal precursor (Na;PdCls, 10 cm?, PVP/Pd = 10) and left at 373 K under constant stirring
(ca. 500 rpm) for 3 h. Pd(4)aarve and Pd(10)uneve were synthesized by mixing an AA (8.5x10*
mol, PVP/Pd = 20) and HH (5.0x10** mol, PVP/Pd = 20) aqueous solution, respectively, with an
aqueous solution of Pd precursor (Na;PdCls, 10 cm®, PVP/Pd = 20) containing PVP. The mixture
was left under stirring at 363 K for 3 h. All the methodologies described above resulted in a dark
colloidal solution, which indicates the formation of Pd® NPs [87]. The excess of reducing and
stabilizing agents were removed by adding acetone (1/3 v/v solution/acetone) to the final mixture
followed by centrifugation (repeated 3 times).
e Stabilizing Agent I1I: Polyvinylalcohol (PVA)

The PV A-stabilized Pd NPs were synthesized using a similar procedure to that described in
section 2.2.1.2 where variations in the type (i.e. strength) of the reducing agent promotes the
formation of Pd colloids with modified crystal size. Pd(5)evpva, Pd(6)suvpva, Pd(10)mevpva Were
synthesized by mixing a 3/2 v/v water+alcohol solution (300 cm®) containing PVA with an
aqueous solution of the metal precursor (10 cm?®, PVA/Pd = 20) and left under continuous heating
(363 K) and stirring (ca. 500 rpm) for 3 h. Pd(5)aarva and Pd(7)unrva were synthesized by mixing
AA (8.5%10™ mol, PVP/Pd = 20) and HH (5.0x10* mol, PVP/Pd = 20) aqueous solutions,
respectively, with an aqueous solution of the Pd precursor (10 cm?, PVA/Pd = 20) containing PVA.
The solutions were maintained under constant heating (363 K) and stirring (ca. 500 rpm) for 3 h;
the cleaning procedure was applied to remove the excess of reducing and stabilizing agents as

described above.
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b. Structured Carbonaceous Support
e Carbon Nanofibers Grown on Sintered Metal Fibers (CNF/SMF)

The CNF/SMF structured support was prepared according to the method developed in this
group [104]. Shortly, the CNF (3-5% w/w) were formed on SMFmnconeL surface by chemical
vapour deposition (CVD) of ethane in the presence of hydrogen. Before CNF growth, SMF
underwent an oxidation (923 K in air for 3 h) to create active sites for CNF growth. The CNF/SMF
were subsequently treated (10 min) in an ultrasonic bath to detach any amorphous carbon. CNF
surface functionalization by oxigenated groups was carried out by boiling in 30% H>0 aqueous
solution for 2 h, then washed with water to reach pH 7.

e CNF/SMF and co-modifier (Polyvinylpyridine (PVPy) and Polyethylenimine
(PED)

The grafting of ligands on the support was carried out by maintaining CNF/SMF in a (5%

w/w) PVPy or PEI aqueous solution (50 cm?) for 10 h.
c. PA/CNF/SMF Catalysts

The deposition of the Pd NPs on the CNF/SMF (with or without ligands grafted onto the

CNF) was carried out by the impregnation with the colloidal dispersion of Pd-NPs after cleaning

step followed by a drying in vacuum at 333 K for 2 h.

d. Benchmark Pd/CNF/SMF Catalyst
Two additional samples without stabilizer(s) or co-modifier(s) were prepared and used as
benchmark in order to prove the effect of the shell surrounding the Pd NPs. A Pd/CNF/SMF
(0.03% w/w Pd/CNF) was synthsized by standard wetness impregnation (denoted as Pdimp.) using
a solution of Pd(OAc), in ACN (0.0276 g cm™), and dried under vacuum at 333 K for 2 h. Pd’ NPs

were formed by catalyst heating in 60 cm® min! 20% v/v Ho/Ar at 5 K min™! to 573 K (1 h).
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A second sample was prepared by UV-ozone treatment of Pd(4)aarve/CNF/SMF. This
process was selected as it has been demonstrated that it is an effective means for PVP removal
without compromising the integrity of the Pd metal NPs [357]. The Pd(4)aarve/CNF/SMF
catalyst was placed under an UV lamp ( A = 185 and 257 nm) and kept under continuous radiation
for 8 h. The sample was then treated in 200 cm® min ™' 20% v/v Ho/Ar at 5 K min ! to 773 K (2 h)

to remove any traces left of PVP.

4.1.2.3 Catalyst Characterization

The Pd content (in the synthesized colloidal solutions and the final P’ CNF/SMF catalysts)
was measured by atomic absorption spectroscopy (AAS) using a Shimadzu AA-6650 spectrometer
with an air-acetylene flame from the diluted solutions in aqua regia (2/3 v/v HNO3/HCI). The yield
of solid carbon, i.e. CNF content, was obtained from a mass balance using the following

expression:

Mene (%) _ mSMF,aﬁer - mSMF,before %100 (4.]”5)

MsME, after

where mcnr and msmr are the mass of CNF and SMF, respectively; the subscripts “before”
and “after” refer to pre- and post-CVD treatment, respectively. In order to characterize the CNF
and Pd/CNF, the composites were treated for a prolonged time (30-60 min) in an ultrasonic bath
to detach the carbon nanorods from the SMF surface. BET surface area was determined using an
AutoChem 2910 (Micromeritics) unit with a 30% v/v N2/He flow; pure N2 (99.9%) served as the
internal standard. At least three cycles of N> adsorption-desorption in the flow mode were used to
determine total surface area using the standard single point method. BET surface area values were
reproducible to within + 5%; the values quoted in this report are the mean. Analysis by scanning

electron microscopy (SEM) was carried out on a Carl Zeiss MERLIN FE-SEM equipped with two,
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annular and Everhart-Thornley secondary-electron (SE), detectors operated at an accelerating
voltage of 5-30 keV with a beam current of 1.0-3.0 nA and using ZeissSmartSEM software for
data acquisition/manipulation. Powder X-ray diffractograms (XRD) were recorded on a

Bruker/Siemens D500 incident X-ray diffractometer with Cu Ko radiation. The samples were
scanned at a 0.5° min"! rate over the range 20° < 20 < 70°. Diffractograms were identified using the
JCPDS-ICDD reference standards, i.e. Pd (05-0681, [358]), graphite (56-0159, [359]) and Ni (04-
0850, [359]). Nickel particle size (dnk) was estimated using the Scherrer equation [360]:

KxA
Bxcos0O

Ay = (4.1.6)

where K = 0.9, ) is the incident radiation wavelength (1.5056 A), £ is the peak width at half
the maximum intensity and 0 represents the diffraction angle corresponding to the main plane
associated with metallic Ni (20 = 45°). Metal (Ni and Pd) NP size was investigated by transmission
(CM300 Philips/FEI) and scanning transmission electron microscopy (STEM, JEOL 2200FS field
emission gun-equipped TEM unit), employing Gatan DigitalMicrograph 1.82 for data
acquisition/manipulation. By using an annular dark field detector with a minimum collection semi-
angle of ~100 mrad, the recorded images showed an intensity that was approximately proportional
to ¢Z"72 (sample thickness t, average atomic number Z), facilitating a clear contrast between the
heavy and lighter element components in the catalyst samples. The specimens were prepared by
dispersion in Et and deposited on a holey carbon/Cu grid (300 Mesh). Up to 700 individual metal
particles were counted for each catalyst and the mean metal diameter (d) was calculated from:
zi: nd,
= Sn

d

4.1.7)
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X-ray photoelectron spectroscopy (XPS) analyzes were conducted using an Axis Ultra
instrument (Kratos Analytical) under ultra-high vacuum condition (<10® Torr) with a
monochromatic Al Ka X-ray source (1486.6 eV). The source power was maintained at 150 W and
the emitted photoelectrons were sampled from a 750 x 350 um? area at a take-off angle = 90°. The
analyzer pass energy was 80 eV for survey spectra (0 — 1000 eV) and 40 eV for high resolution
spectra (over the Pd 3ds3» and 3ds» binding energy (BE) range, 332-345 eV). The adventitious
carbon C 1s peak was calibrated at 284.5 eV and used as an internal standard to compensate for
any charging effects. Spectra curve fitting and quantification were performed with the CasaXPS
software. Peak deconvolution was carried out by Gaussian/Lorentzian adjustment after subtraction

of a Shirley type baseline.

4.1.2.4 Catalytic Testing

Gas phase acetylene hydrogenation reaction (7 = 393 K; P = 1 bar) was carried out in a
jacketed tubular reactor (i.d. 12 mm) described in detail elsewhere [357]. Briefly, a 10x1 mm (ca.
6x102 g) disk of the structured catalyst was placed between two metal rings perpendicularly to the
gas flow. A layer (ca. 10 cm) of borosilicate glass beads (3 mm diameter, Sartorius AG) serve to
homogenize the flow of reactants and as preheating zone. Isothermal (+ 1 K) conditions were
ensured with a Juvo thermostat (Type 500, K.K. Juchheim Laborgerdte GmbH, Bernkastel-Kues,
Germany). Reaction temperature was continuously monitored by a thermocouple inserted inside a
protective quartz tube placed underneath the catalyst bed. A co-current CoH2/Ho/Ar (1/20/79% v/v)
flow was maintained at a gas hourly space velocity (GHSV) over the range 15x10* — 76x10* h!
which was controlled using three Bronkhorst High-Tech, Ruurlo mass flow controllers. Acetylene
conversion was maintained < 20% to ensure differential operation of the reactor. Madon and

Boudart have demonstrated [182] that for heterogeneous catalytic systems operating with
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negligible mass transfer limitations, a proportional correlation between activity and the number of
active sites can be established for a group of catalysts with different metal content but similar
dispersion, i.e. invariant specific activity. Taking this approach, a series (0.02-0.10% w/w) of
Pd/CNF/SMF catalysts were used to determine working conditions where the reaction proceeded
under kinetic control. The obtained linear relationship (not shown) confirmed the absence of mass
transfer constraints for hydrogenation rates < 1.95x10% molc,1, molpa™ min™'. In a series of blank
tests, passage of the C;H» reactant in a stream of Hx/Ar through the empty reactor or over the
(CNF/SMF) support alone did not result in any detectable C2H> conversion. Repeated reaction runs
with the same batch of catalyst delivered conversion/selectivity values that were reproducible to

within £ 5%.

4.1.3. Results and discussion

4.1.3.1. Catalyst Preparation and Characterization

In order to demonstrate the effect of the reducing and stabilizing agents in modifying the
catalytic action of colloidal Pd NPs five reducing agents were considered: C1-C4 alcohols, HH and
AA, i.e. variable reduction strength and three surfactants as stabilizing agents: PVA, PVP, and
AOT, i.e. modified type and strength of stabilizer-Pd surface interaction. It is important to stress
that the colloidal Pd NP size may be affected by both, the nature of the reducing [85] and stabilizing
[361] agents, which in turn can influence alkyne hydrogenation performance [120]. Consequently,
these three parameters, namely the size, stabilizing and reducing agent, must be taken into
consideration for an accurate interpretation of the catalytic response.

Representative TEM images (I) and associated Pd NPs size distributions (II) for (A)

Pd(2)eypve, (B) Pd(3)evpve, and (C) Pd(4)aarve , as examples, are shown in Figure 4.1.1. The
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TEM images demonstrate the formation of spherical Pd NPs. This is consistent with a cubo-

octahedral metal NP morphology, the most thermodynamically favorable crystal geometry [85,

93]. The TEM derived histograms show a narrow size distribution for the three samples

demonstrating the formation of quasi-monodispersed metal colloids (standard deviation o < 0.4).
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Figure 4.1.1. (I) Representative HRTEM images with (II) associated particle size distributions

of PVP-stabilized Pd NPs for (A) Pd(2)Et/PVP, (B) Pd(3)Et/PVP, and (C) Pd(4)AA/PVP.
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A representative high magnification micrograph of for a single Pd(2)gypve is presented in
Figure 4.1.2 where the intensity profile across the metal crystal (see inset) yields an average d-
spacing of 0.19 nm that matches the (200) main plane of metallic Pd° (JCPDS-ICDD reference
standard 05-0681, [358]). The same crystal shape, narrow size distribution and the oxidation state
of metallic Pd was in evidence for the all the remaining systems (not shown) indicating that the
nature of the reducing and stabilizing agents do not impact significantly on either crystal geometry
or mono-dispersity. Telkar and co-workers [80] have also shown that the shape of Pd NPs was not
affected by variations in the type of stabilizer, i.e. cubic metal crystals using PVP or PVA.
However, the opposite effect has also been reported where Lim ef al. [93] in giving an overview
of the available literature have identified instances of modifications in the shape of Pd nanocrystals
linked to changes in the reduction kinetics for water-based systems prepared with reducing agents

of variable strength.

Figure 4.1.2. Representative high magnification image of Pd(2)eypve With (inset) intensity profile
revealing the distances between the planes of the atomic lattice in the 1.25 nm segment marked

on the isolated Pd NP.
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The micrograph presented in Figure 4.1.3(I) provides an overview of the overall carbon
formation showing the uniform growth of CNF on the surface of the SMF. In the decomposition
of ethane to carbon the principal reaction is the carbon-carbon cleavage to methane. Carbon
deposition/nanorod growth requires a destructive chemisorption of ethane, i.e. C-C bond breakage
and loss of H atoms, that is favored by a thermodynamically driven multiple bonding of the
chemisorbed hydrocarbon with the metal surface that lowers the surface energy [362]. In the
hydrocarbon-metal surface interaction, leading to carbon deposition, two different mechanisms for
carbon growth have been described in the literature; (i) strong metal-support interactions result in
the formation of carbon nanorods devoid of any metal particles at the exposed tips where the metal
NPs remained firmly anchored to the support, i.e. “extrusion or base-growth model” [363, 364];
(i1) if the interactions between the metal and the support are weak the pressure exerted at the
metal/support interface (as a result of graphitic formation) is of sufficient magnitude to extract the
metal particle from the support, i.e. tip-growth model [364, 365]. In this work, CNF grown from
SMF invariably possessed Ni particles at the nanorod tips (see inset in Figure 4.1.3(I)) diagnostic
of a weak interaction between Ni and the SMF. The CNF (3.4% wt.) grown on the SMF support
exhibited a BET surface area of 200 m? g'! that is within the values quoted in the literature (10-
391 m? g'!) for graphitic nanotubes [101, 366], i.e. intermediate in magnitude relative to standard
amorphous (625 m? g'!) and graphitic carbon (10 m? g!) [365]. The structural properties of the
CNF support were further assessed by XRD analysis and the results are presented in Figure
4.1.3(I1). The XRD profile of the CNF (detached from the SMF) (A) is characterized by a main
peak at ca. 26°, characteristic of the (002) main plane of graphite ((B), JCPDS-ICDD reference
standard 56-0159, [359]) where the broadness of the peak is indicative of a morphological

amorphous carbon component. In addition to this, the peaks at ca. 26 = 45° and 52° correspond,
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respectively, to (111) and (200) planes of metallic Ni ((C), JCPDS-ICDD 04-0850, [359, 367]).
Standard X-ray line broadening analysis based on the Scherrer formula (eqn. 4.1.6) yields a mean
Ni NP size of 66 nm. A representative STEM micrograph of the detached CNF is given in Figure
4.1.3(II) and serves to illustrate the nature of the metal dispersion; associated Ni NP size
distribution is presented in the histogram in Figure 4.1.3(IV). STEM analysis demonstrate that Ni
is present as pseudo-spherical NPs with a broad size distribution (5-125 nm; mean Ni diameter =
58 nm). There is reasonable agreement between the mean sizes obtained from both techniques
(XRD and STEM). The discrepancy can be attributed to limitations associated with NP size
estimation using the Scherrer formula (e.g. modifications in the metal NP shape and/or size
distribution can result in local variations in the number of parallel lattice planes responsible for the
line broadening [368]) leading to an over-estimation of metal particle size. It is established that the
size of the seed metal NPs determines the ultimate width of the catalytically obtained carbon rods
[369, 370]. Indeed, the representative SEM image in Figure 4.1.3(V) confirms the formation of
CNF with a broad size distribution (see arrows) and dimensions similar to those of the Ni seeds
(see Figure 4.1.3(11I-1V)).

Although colloidal techniques allow the synthesis of monodispersed metal NPs with tailored
morphology, modifications in Pd crystal size can occur during the deposition on the support [371]
or as a result of heating treatment [228], an effect that it is more pronounced for smaller (<5 nm)
metal NPs. In this work, Pd NPs over the 2-10 nm size range (see Table 4.1.1) were synthesized.
Giving that 2 nm represents the smallest Pd NPs among the colloids prepared, the Pd NP size of
Pd(2)eypve were analyzed (by means of STEM analysis) after deposition (on the CNF/SMF) and

heating treatment (to reaction temperature = 393 K; see Figure 4.1.3(I1)).
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Figure 4.1.3: (I) Representative SEM image of CNF/SMF illustrating the overall carbon growth
(Inset: TEM image of carbon nanorod tip grown on CNF/SMF); (II) XRD pattern for (A) CNF
detached from SMF (peak assignment based on JCPDS-ICDD for (B) graphite (56-0159, [359])
and (C) Ni (04-0850, [359, 367]); (IIT) representative STEM image showing nickel particles on
CNF/SMF with (IV) associated Ni NP size distribution; (V) SEM micrograph CNF/SMF
illustrating CNF thickness (see arrows) and (VI) representative HRSTEM image of
Pd(2)eyrve/CNF/SMF activated at 393 K.
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The representative HRSTEM image is consistent with the presence of homogeneously
distributed and highly dispersed (ca. 2 nm) Pd NPs. This result demonstrates that the integrity of
the metal colloids was preserved during the deposition and heating steps. Giving that for the
smallest metal NPs used in this study (2 nm; see Table 4.1.1) the Pd crystal size was not
compromised during deposition/heating, it can be concluded that the Pd size in the rest of the
systems (bearing larger metal crystals) is also maintained.

The total area of the CNF decreased after grafting the PVPy (200 — 124 m? g'') and PEI
(200 — 127 m? g'!) co-modifiers. This result is in agreement with the reported literature dealing
with polymer-modified CNF [372] and can be attributed to partial pore blockage [373]. On the
other hand, STEM analysis (not shown) confirmed the preservation of Pd crystal morphology after
deposition/heating to reaction temperature in the (PVPy or PEI) co-modified CNF/SMF catalysts.

The electronic character of the Pd NPs was investigated by XPS analysis; results obtained
over the Pd 3d binding energy (BE) region are presented in Figure 4.1.4. Taking Pdimp. as a
benchmark (Figure 4.1.4(I)), the core level Pd 3ds, shows a main signal in the 335.5 £ 0.1 eV
range that is characteristic of Pd’ [374]. A measurable decrease in the Pd 3ds; BE is following the
sequence: Pdimp > Pd(4)aarve > Pd(4)aarvervey > Pd(4)aapveper. In addition to this, the (PVP)
stabilized and (PVPy and PEI) co-modified Pd NPs shown in Figure 4.1.4(Il), (III) and (IV)
exhibit an additional signal that is characteristic of oxide Pd species. A BE difference of 1.19 and
1.56 ¢V in Pd(4)aarve , Pd(4)aarvervey and of 2.8 eV in the PEI-containing can be ascribed to
Pd species with a higher oxidation state [375]. The BE values of the Pd’, exhibit a measurable
decrease (335.4 — 334.9 eV) suggesting electron transfer from the stabilizer to the Pd resulting in

a partial negatively charged metal phase (Pd®). Evangelisti and co-workers [376] observed a
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negative displacement (respectively 0.2 and 0.3 eV) for PVPy and PVP-stabilized Pd when

compared with bulk Pd ascribed to metal-polymer interactions.

M Pdi3d,, Pd 3d,,,

(1)

Intensity (a.u.)
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Figure 4.1.4. XPS spectra in the Pd 3d region of (A) Pdimp., (B) Pd(4)aa/rve, (C) Pd(4)aarvervey
and (D) Pd(4)aarpverpel. Note: Arrows illustrate the position of Pd 3ds» and Pd 3d32;
experimental data is represented by open symbols while lines identify result from spectra curve

fitting.

4.1.3.2. Hydrogenation of Acetylene

The reaction network showing the hydrogenation pathways associated with the conversion
of acetylene is presented in Scheme 4.1.2, where ethylene (path (I)) is the target product. Typical
catalysts for this reaction are based on Pd-NPs supported on metal oxides (Al.O3 [377], SiO2 [378]
or TiO2 [379]). Although these catalysts show high activity, they promote the undesired formation

of ethane that can result either from further hydrogenation of ethylene (path (II)) or direct attack
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of the C=C bond (path (III)). In addition to this, it is well known [117, 380] that in alkyne
hydrogenations Pd catalysts suffer from loss of activity with time on-stream as a result of
polycondensation of unsaturated compounds, commonly known as green oil. Therefore,
minimizing green oil formation can be identified as one of the main challenges in catalytic alkyne
hydrogenation. A number of factors have been reported to inhibit green oil formation such as
reaction conditions (elevated temperatures (>360 K) and/or low pressures [121]) or through
catalyst modifications, e.g. variations in the acidity of the support [117], use of ionic liquids [381]

or incorporation of IB group metals, e.g. Ag [377].

l

@ (I

i CH=CH —— CH;=CH, | —>  CH;—CH;
Acetylene Ethylene Ethane
(C:H2) (CzHy) (C2He)
] > Green Oil

Scheme 4.1.2. Schematic reaction network associated with the hydrogenation of acetylene. Note:

reaction pathway to target ethylene product has been framed.

The gas phase hydrogenation of acetylene over all the Pd nanocatalysts in this work show
the predominant formation (up to 93%) of the target ethylene product. Green oil was generated as
secondary product while only small amounts (<5%) of ethane were detected. This high selectivity

with respect to the C=C — C=C hydrogenation step is a significant result as compared to

benchmark catalyst accompanied by substantial green oil formation (Sgreen oit ~25 + 5% [121]).
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a. Effect of Reducing Agent

There are literature reports where an increase in the strength of the reducing agent favors the
formation of smaller metal NPs [93, 382]. Nonetheless, although there are instances in the
literature where modifications in hydrogenation rate have been associated to variations in the
nature of the reducing agent [383], the authors have failed to unearth any study that has compared
the catalytic hydrogenation response over NPs stabilized with the same surfactant, bearing a
similar metal dispersion but prepared with different reducing agents.

Dependence of Pd-NPs activity/selectivity on the nature of the reducing agent used during
the preparation can only be correctly evaluated testing the Pd colloids with similar size, stabilized
with the same surfactant but synthesized using different reducing agents; the correspondent data
of specific (per mp4?) activity (#) as a function of NP size (d) is presented in Figure 4.1.5. At a
similar Pd size (d = 5 nm) for NPs stabilized with the same surfactant (PVA) the activity and

selectivity (ScoH, ~ 81%; Sgreen oit ~ 16%) response overlapped, regardless the type of reducing

agent (Et vs. AA). In order to confirm the result obtained in alkyne hydrogenation response, a
series of additional experiments were conducted over Pd(10)un/pve and PA(10)gypve (i.e. same NP
size (d = 10 nm) and stabilizer (PVP) but different reductant). Once again, activity and selectivity

(Scyny ~ 76%; Sgreen oil ~ 22%) response was equivalent over both systems regardless the type of

reducing agent (HH vs. Et).
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Figure 4.1.5. Variation of catalytic activity with Pd NP size for reaction over Pd(10)xumpve,
Pd(10)evpve, PA(5)aarva and Pd(5)evrva prepared with different reducing agents (HH, AA, Et) and
stabilizers (PVP (CJ/M) and PVA (O/@®)); Reaction conditions: T =393 K, P =1 bar, Pd/C>H>

molar ratio = 1.4x107°-5.0x10° h.

The results in this section show that the type of reducing agent does not influence on the
catalytic response in acetylene hydrogenation; nonetheless, the catalytic differences over Pd NPs
prepared with different stabilizers and bearing different NP size shall be noted. The independent
impact of these two variables will be assessed in the following sections.

b. Effect of Stabilizer

In order to decouple a possible metal particle size effect from contributions of the stabilizer,
experiments were carried out over Pd NPs with the same size (d = 10 nm) but stabilized with a
different surfactant (PVP, PVA and AOT); the obtained data of specific (per mp4?) activity and

selectivity (Si) as a function of metal dispersion (D) is presented in Figure 4.1.6. The results
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obtained are consistent with a similar selectivity response (Sc,n, = 77 £ 1%; Sgreen oit = 20 = 1%);

product distribution was not affected by the type (steric vs. electrostatic) of stabilization. In
contrast to these results in gas phase, an increase in olefin selectivity in the (liquid-phase)
hydrogenation of 2-methyl-3-butyn-2-ol has been recently reported [384] for PVP- (95%) relative
to AOT-stabilized (90%) Pd NPs and ascribed to modifications promoted by the functionalities in

the steric (PVP) stabilizer.

800

-80

Pd(10) Pd(10) _ Pd(10)

Et/PVP et/PVA HH/AOT

Figure 4.1.6. Variation of catalytic activity (open bars) with selectivity (Si) to ethylene (hatched
bars) and green oil (solid bars) over steric- (Pd(10)gypeve and Pd(10)mevpva) and electrostatic-
stabilized (Pd(10)uwaor) Pd NPs with the same metal crystal size (d = 10 nm); Reaction
conditions: T=393 K, P =1 bar, Pd/C2H; molar ratio = 1.4x10°°— 8.6x107 h. Note: balance to

100% selectivity corresponds to ethane.
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The similar product distribution over the Pd NPs stabilized with different surfactants does
not apply to the activity response where the (sterically) PVP and PV A stabilized Pd NPs delivered
higher hydrogenation rate (by up to a factor of 4) at similar degree of conversion (Xc,n, = 20%).
Given that the Pd size was the same for all the nanocatalysts, the different activity must arise from
the differences between the surfactants and, more specifically, as a result of the shell surrounding
the Pd NPs that is determined by the nature of the stabilizer. These results are in line with the work
of Schmidt et al. [385] who reported an effect in (liquid phase) cinchonidine hydrogenation rate
over polyacrylic acid-stabilized Pt NPs attributed to a surface-localized acidification induced by
the stabilizing agent. The presence of (electrostatic stabilizer) AOT will result in the formation of
a double layer of counter ions [386]. The lower activity over Pd(10)um/aot can then be linked to
repulsive forces between the Pd surface and the (electron rich) C=C bond in the acetylene molecule
[387] that diminishes acetylene adsorption on the metal surface. Such effects are not prevalent for
the sterically (PVP and PV A) stabilized colloids where the open and flexible nature of the polymer
chains can allow the reactant to adsorb. In contrast, a higher activity in the hydrogenation of
ethylene over electrostatic (tetradecyltrimethylammonium bromide (TTAB)) compared to steric
(PVP) stabilized Pt NPs has been reported elsewhere [388] and attributed to the short alkyl chain
in the TTAB stabilizer that provides an increase number of available active sites.

The differences in activity between the two sterically stabilized nanocatalysts (7pac10)gypyp >
rPd(10)sypy o) Can be ascribed to a combination of both “geometric” and “electronic” effects induced

by the surfactant that can influence the properties of the actives sites and, in turn, the
adsorption/activation of acetylene. A “geometric effect” can be expected on the basis of the
different structural properties of PVA and PVP. Indeed, the linear structure of the PVA polymer

will result in the formation of a “dense shield” around the Pd NPs that can hinder acetylene
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accessibility to the active sites. The branched (with pirrolidinyl cyclic) structure of the PVP will
promote the genesis of a less dense shell around the Pd core. This conclusion is consistent with the
studies using dendrimer-stabilized metal NPs where the highly-branched dendrimers bear a
compact structure resulting in NP encapsulation lowing catalytic activity [389]. Nevertheless, we
cannot rule out electronic effects contribution via charge-transfer between the amide group of the
pyrrolidone ring (on PVP [390]) and —OH (on PV A [349]) to the Pd NP surface.

In order to confirm that the effect on catalytic response is solely due to the stabilizer, a series
of additional experiments were conducted over Pd NPs bearing the same size (d = 10 nm) and

prepared using a mixture of stabilizers; the results obtained are presented in Figure 4.1.7.
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Figure 4.1.7. Variation of activity over Pd NPs with similar crystal size (d = 10 nm) stabilized
with PVP (open bars; Pd(10)eyeve), PVA (solid gray bar; Pd(10)mevpva), AOT (solid black bar;
Pd(10)uwaor) and mixtures of stabilizers (hatched bars; PVA:PVP and AOT:PVP ratios = 1:1);
Reaction conditions: T=393 K, P =1 bar, Pd/C2H;, molar ratio = 1.4x10°— 8.6x10° h. Note:

balance to 100% selectivity corresponds to ethane.
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A similar product distribution (Sc,n, = 77 £ 1%} Sgreen oit = 20 = 1%) was obtained over all

the systems. Moreover, the activity results for the catalysts prepared with a mixture of stabilizers
fall between that obtained over the Pd NPs stabilized with the pure components. The results in this
section confirm that the hydrogenation rate is controlled by the nature of the ligand shell around
the Pd-core, i.e. enhanced hydrogenation rate over steric surfactants, while it does not impact
significantly on the selectivity response.
c. Nanoparticle Size Effect

The relationship between specific (per m? of surface Pd) activity (A)/selectivity (Sc,n, (B)
and Sgreen oil (C)) and mean Pd size (d) for all the systems considered in this work is presented in
Figure 4.1.8. A similar trend of increased hydrogenation rate over larger Pd NPs is in evidence
for all the systems regardless on the nature of the stabilizer. This response is consistent with a
structure sensitive reaction where an enhanced C=C bond hydrogenation is associated with larger
particles (from 2 — < 8 nm) being insensitive for sizes > 8 nm. These results are in line with
published reports of anthipathetic structure sensitivity for gas-phase alkyne hydrogenation over
Pd NPs in the size range from 4 to 10 nm [74] but it was shown herein, for the first time, that this

effect extends to monodispersed Pd NPs <4 nm.
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Figure 4.1.8. Variation of (A) activity (solid symbols) and selectivity to (B) ethylene (Scons,
open symbols) and (C) green oil (crossed symbols) with Pd NP size for reaction over PVP (M,
0, X), PVA (@,0, ®) and AOT (A, A, ¥X) stabilized Pd colloids; Reaction conditions: T =393

K, P =1 bar, Pd/C2H; molar ratio = 1.4x10°— 8.6x10° h.
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In terms of selectivity, the preferential partial hydrogenation (Sc,n, = 73%) over all the Pd

colloidal NPs in the range 2-10 nm is demonstrated in Figure 4.1.8(B). This can be linked to an
increased C=C group (compared to C=C) adsorption strength on Pd [79], resulting in a lower
adsorption equilibrium constant of the C,Hs4 which, in turn, hinders further (C=C — C-C)
hydrogenation to C2Hs. Although the formation of C2Hy is predominantly promoted, the results
presented in Figure 4.1.8(B-C) demonstrate differences in product distribution over the Pd NPs
with different sizes. The same Sc,n, (77 £ 1%) is observed over larger (8-10 nm) Pd NPs while
enhanced Sc,u, (up to 87%) with a lower Sgreen oil is associated for smaller Pd NPs (8§ — 2 nm). A
similar selectivity response in the hydrogenation of acetylene for Pd NPs in the 8-13 nm range has
been reported elsewhere [353]. Moreover, Li et al. [391] has recently concluded (on the basis of
DFT calculations) the preferential formation of ethylene (relative to ethane) on small Pd clusters
(Pdn, n = 2-8). The increased olefin selectivity over the small Pd NP size was attributed to the site
isolation affecting an acetylene adsorption mode. Hartog et al. [392] using a series of Pd/SiO> with
different metal dispersion (D) reported a measurable increase in the steady-state selectivity to
ethylene for smaller metal NPs attributed also to the differences in the deposition of carbonaceous
layers from acetylene leading to the sites isolation.

The results in this section demonstrate that smaller Pd NPs exhibit a lower intrinsic activity
but enhanced olefin selectivity and lower green oil formation.

d. Effect of Ligand Grafted onto the CNF/SMF

Among the range of catalysts considered, Pd(2)eypve/CNF/SMF and Pd(4)aarve/CNF/SMF

delivered the highest selectivity to the target product (Sc,n, = 85 £ 3%) and lowest selectivity to

the undesired green oil (Sgreen oit = 13 = 2%). These NPs were therefore used for further catalyst

optimization.
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In the liquid phase hydrogenation of alkynes, the use of 2,2’-bipyridine (bipy) and an
imidazolium-functionalized bipy ligands has been shown to increase olefin selectivity, which was
ascribed to a site-blocking effect by the N-containing ligands [123]. With that premise, two
nitrogen-containing stabilizers (i.e. PVPy and PEI) were selected and grafted onto the CNF/SMF
(see experimental section); the activity/selectivity results over Pd(2)/CNF/SMF (A) and
Pd(4)/CNF/SMF (B) are shown in Figure 4.1.9. It has no significant effect on catalytic
performance over the smallest (d = 2 nm) Pd NPs where an equivalent activity and selectivity
response was obtained over three catalysts. In contrast, the Pd(4) catalysts demonstrated a quite
distinct activity and selectivity response. The differences in catalytic performance between the 4
nm and 2 nm Pd NPs was associated to the size effect, which will determine the relative proportion
of surface atoms (i.e. edge, plane, vertex) with different reactivity [74]. Pdeaee does not change
significantly for Pd NPs of 2 and 4 nm, while amount of Pdpiane sites considerably increases. The
differences in catalytic response suggest that Pdpuane are responsible for the catalytic response
where the N-based ligands increase the selectivity via a permanent site-blocking effect of Pdedge.
The low amount of Pdpiane in Pd(2) catalysts can account for the similar response over the three
systems. This is consistent with studies in the literature reporting low [80] or even no activity [74]
of Pdeqge compared to Pdplane surface atoms in alkyne hydrogenation. Moreover, there is also the
possibility of a direct contribution due to electronic and quantum size effects. For particles
sufficiently small (< 2 nm) a transition in the electronic state from metal to non-metal has been

suggested elsewhere [393].
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Figure 4.1.9. Variation of activity (open bars) and selectivity (S;) to ethylene (hatched bars) and
green oil (solid bars) over PVP-stabilized (Pd(2)evpve, Pd(4)aarve) and co-modified with PVPy

(PA(2)evpvepvey, PA(4)aarvervey) or PEI (PA(2)eveverer, Pd(4)aarverer) PAd NPs of (A) 2 nm and (B)
4 nm; Reaction conditions: T =393 K, P =1 bar, Pd/C,H, molar ratio = 1.4x10%— 8.6x10° h.

Note: balance to 100% selectivity corresponds to ethane.
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The distinct catalytic response over three Pd(4)-containing catalysts should arise from the
differences in structural and electronic properties of the grafted ligands that will induce a modified
effect on the supported Pd NPs. PVPy and PEI hold a free electron doublet on the nitrogen of the
amines located in an aromatic ring (in PVPy, [394]) and an aliphatic chain (PEI, [395]). This
doublet can increase the electron density of the Pd surface resulting in the formation of Pd%~ NPs
[376] with low affinity for the electron rich C=C bond [387]. Taking the three systems presented
in Figure 4.1.9(B), the selectivity to target ethylene increased in the order: Pd(PVP) < Pd(PVPy)
< Pd(PEI). This sequence mimics that of increasing the partial negative charge on the Pd NPs,
shown in Figure 4.1.4, i.e. Pd(0) =335.5 eV (A) <Pd(PVP) =335.4 ¢V (B) < Pd(PVPy) =335.0
eV (C) <Pd(PEI) =334.9 ¢V (D). Indeed, strong adsorption of acetylene leads to oligomerization
[396]. Moreover, the site separation induced by carbon deposits [ 134] can be responsible for higher
selectivity to target olefin for PEI modified Pd NPs.

In order to demonstrate the beneficial effect of the organic shell on catalytic performance,
the Pd(2)eypvepvey and Pd(4)aapverer with the highest selectivity to ethylene has been compared
to that of ligand-free Pd(4) and impregnated benchmark Pdimp ( Figure 4.1.10). The selectivity
drops down from 93% to 60% towards ethylene over cleaned and non-stabilized Pd, while the
green oil production increases up to 8 times. Although there is a contribution of different particle
sizes in the impregnated system, there is clearly positive effect on the selectivity to ethylene

induced by the organic-ligand shell.
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Figure 4.1.10. Variation of selectivity (S;) to ethylene (hatched bars) and green oil (solid bars)
over co-modified with PEI (Pd(2)evpveevey, Pd(4)aarverer and stabilizer-free Pd NPs; Reaction
conditions: T=7393 K, P =1 bar, Pd/C2H; molar ratio = 1.4x10°— 8.6x10° h. Note: balance to

100% selectivity corresponds to ethane.

In order to evaluate the catalyst stability, the reaction was carried out over a prolonged period
of time (120 h). The results are presented in Figure 4.1.11 where the activity (Xc,u,) and selectivity

(Scony and Sgreen oif) are plotted as a function of time on-stream. For the best catalyst
Pd(4)aarpvere/CNF/SMF, high selectivity (Sc,u, ~ 93%) was maintained throughout this extended

run with only trace amounts of undesirable green oil.
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Figure 4.1.11. Variation of acetylene conversion (Xc,H,, solid symbols) and selectivity (S, open
symbols) to target ethylene product (Sc,n,, L), green oil (O) and ethane (A) with time on-
stream for Pd(4)aarverer; Reaction conditions: T =393 K, P = 1 bar, Pd/C,H, molar ratio =

1.4x10°—-8.6x10° h.
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4.1.4. Conclusions

The results presented in this study support the following conclusions:

1.

ii.

iii.

v

Colloidal techniques with a series of reducing (HH, AA, Met, Et and But) and stabilizing
(AOT, PVP and PVA) agents have been used to prepare monodispersed Pd NPs with average
sizes in the range 2-10 nm as demonstrated by HRTEM. The monodispersed nanoparticles
Pd with different ligand shells were deposited on a structured support (carbon nanofibers
grown on sintered metal fibers, CNF/SMF) and tested in the gas phase (T =393 K; P =1
bar) hydrogenation of acetylene.

The reducing agent used in the Pd NPs preparation did not influence the activity/selectivity
in acetylene hydrogenation. In contrast, the nature of the surfactant impacts on catalytic
performance with increased activity over Pd sterically (PVP and PVA) stabilized as a result
of geometric and electronic effects.

Catalytic performance was also affected by Pd NP size: higher specific rates for increased
Pd size (from 2 — 8 nm) being insensitive to particle sizes 28 nm. Olefin selectivity was
higher over smaller Pd NPs which can be linked to the sites isolation by carbon deposits.
Grafting of N-containing ligands (PVPy and PEI) onto the CNF/SMF support results in
remarkable increase in selectivity to the target ethylene product (up to 93%) with only trace
amounts of green oil and no detectable catalyst deactivation up to 120 h on-stream. This is
explained in terms of charge-transfer induced by the grafted ligands.

The results of this work demonstrate that fine tailoring of colloidal Pd NPs allows tuning
their catalytic response in the selective gas phase semi-hydrogenation of alkynes by suitable
stabilizer, metal NP size optimization and ligands grafting onto the support, opening up new

means for a rational catalyst design.
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4 2 Colloidal Methods for Development of Ni-based Catalyst
[

Selective in m-Dinitrobenzene Hydrogenation

Abstract

Monodispersed Ni NPs (from 2 to 14 nm, as confirmed by high resolution transmission
electron microscopy) were prepared via colloidal method using poly-N-vinyl-2-pyrrolidone (PVP)
as stabilizer and tested as catalysts in the m-dinitrobenzene multi-phase hydrogenation.
Antipathetic structure sensitivity, i.e. a 6-fold higher turnover frequency over larger Ni NPs, has
been established. The selectivity to the target m-nitroaniline (m-NAN) was size independent over
Ni NPs as per, probably, due to the traces of PVP remaining on the Ni surface. Supporting the
monodispersed (2 nm) Ni NPs on activated carbon fibers (ACF) and removing traces of PVP
rendered a highly selective Ni2/ACF catalyst allowing up to 95% yield of m-NAN. Two-sites
Langmuir-Hinshelwood kinetic model was applied to rationalize the results obtained and found to

be consistent with the experimental data.
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4.2.1 Introduction

Catalysts have been for a long time considered as the first examples of “nano-designed”
materials since the majority of them consist of nano-sized particles (NPs) of active component
supported over high-surface-area solids [84]. Very often NPs of metals (Me) are the active
component responsible for the catalyst activity and selectivity [397]. This is related to the unique
properties of NPs which are intermediate between those of Me atoms and Me bulk [398]. The
surface structure and the electronic properties of Me NPs change strongly in the range of 1-10 nm,
where electronic properties are especially altered for particles below 2 nm [399]. Therefore, the
catalyst activity/selectivity may also be sensitive to the Me NPs size. This effect is known as “size-
sensitivity” of catalytic reactions and is connected to the relative amount of plane, edge and vertex
surface atoms which varies with the NP size [74]. The resulting variation in the surface atoms'
coordination leads to an energetic inhomogeneity that is behind the structure sensitivity of
hydrogenation reactions. This effect has been probed [296] and reviewed [74, 400] for a number
of different reactions, where it has been rationalized on the basis of geometric and electronic
factors. Advances in colloidal methods for the synthesis of Me NPs with controlled size allow
nowadays an exciting opportunity of creating a catalyst “on demand” having an optimized Me NPs
size.

Aromatic amines are important intermediates in the manufacture of fine chemicals [401].
Selectivity is the key issue in the reduction of polyfunctionalized arenes [345, 402]. In particular,
in the hydrogenation of m-dinitrobenzene (m-DNB) the critical challenge is the attainment of full
selectivity in terms of partial -NO> group reduction to form m-nitroaniline (m-NAN), a key block
extensively used in the preparation of dyes and polymers [206]. There are different alternatives to

overcome this challenge, like the choice of the metal [141], nanoparticle size [83, 228] or the
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nature of the support [148, 403]. It may be conjugated with modifications of the active sites
environment such as solvents polarity [404], or the use of reaction modifiers [405]. Different
metals like Pd [406], Pt [407], Ru [408] or Ni [409, 410] have been reported as an active
component for the liquid phase hydrogenation of m-DNB. Compared to the aforementioned noble
metals, Ni is inexpensive (up to 3 orders of magnitude) and has proved remarkable efficiency in a
number of catalytic reductions of nitroaromatic compounds (e.g. nitrobenzene, [411, 412] p-
nitrophenol [413] and nitrotoluene, nitronaphtalene, dinitroaniline [414]).

However, the size-effect for Ni-NPs has not been considered so far in the liquid phase m-
DNB hydrogenation and therefore, the most efficient active phase in respect to the high selectivity
towards the target amine could be overlooked. On the other hand, the support is known to affect
the catalytic response, which can be used to fine-tune the properties of the metal active phase
[415]. In order to assess solely the size effect without any influence of the carrier, the catalytic
system is optimized using unsupported Ni NPs stabilized by poly-N-vinyl-2-pyrrolidone (PVP).

Along with the optimization of catalyst formulation, solvents were widely reported to have
a significant effect on the rates and selectivity of catalytic hydrogenations [415]. The effect of the
solvent is attributed to various factors such as their polarity, protic nature, dielectric constant and
the solubility of hydrogen or the solvation of the substrate [408, 410]. A range of polar alcohols
(methanol, ethanol, 1-propanol, 1-butanol, 2-hexanol) have been tested during this work as
solvents.

Another issue encountered during carrying out three-phase hydrogenations is external and
internal mass-transfer limitations, often responsible for a decrease of activity/selectivity.
Therefore, fine powders are widely applied which minimal size is limited by separation after the

reaction. Activated carbon fibers (ACF) with a filament diameter of 10-20 um, were suggested as
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a suitable support for Me NPs [416]. In addition to the ease of handling, these structured supports
have a high surface area allowing Me NPs stabilization within micropores.

Herein is reported the development of a Ni-based catalyst for the selective liquid phase
hydrogenation of m-DNB to m-NAN. Monodispersed Ni (PVP-stabilized) NPs were prepared with
the sizes between 2 to 14 nm and tested first non-supported (as per) to study a size-effect. The
monodispersed Ni NPs were subsequently supported on ACF, where the influence of PVP on the

activity and selectivity was evaluated.

4.2.2. Experimental

4.2.2.1 Materials

Nickel (II) sulfate hexahydrate (Fluka, > 98.0%), polyvinylpyrrolidone (PVP, Sigma-
Aldrich), ethylene glycol (Sigma-Aldrich, 99.8%), sodium hydroxide (Sigma-Aldrich, > 98.0%),
sodium borohydride (Sigma-Aldrich, > 96.0%), tetraethylene glycol (Sigma-Aldrich, 99.0%),
hydrogen peroxide (Reactolab SA, 30%), m-DNB, (Tokyo Chemical Industry, > 99.0%) methanol
(Met, Sigma-Aldrich, > 99.8%), ethanol (Et, Sigma-Aldrich, 99.8%), 1-propanol (Acros Organics,
95.5%), 1-butanol (Acros Organics, 95.5%), 2-hexanol (Sigma-Aldrich, 99%) were used as

received. All gases (Hz, N2, and Ar) were of high purity (Carbagas, >99.7%).

4.2.2.2 Catalyst Preparation
a. Monodispersed Ni Nanoparticles
During the NPs formation, size can be controlled by varying the proportion of particle
nucleation vs. growth [417] via the strength of the reducing agent, while the stabilizer prevents
NPs agglomeration. Strong reducing agents (e.g. NaBH4, NaOH) favor small particles through

rapid nucleation and weak reducing agents (e.g. polyols, H>) slow down nucleation for a particle

170



growth dominating process. The Ni colloids of different sizes were synthesized by colloidal
technique using PVP as stabilizer and a series of reducing agents. The synthesis conditions are
summarized in Table 4.2.1 and the procedure is detailed below. It is important to note that all
synthesized nanoparticles were thoroughly washed to remove the PVP using a big volume (1:10)
of acetone via decantation and re-dispersion in Et.

2 nm Ni NPs (Ni2): NiSO4-6H>O (0.053 g) was dissolved in ethylene glycol (100
cm®) and PVP (0.22 g, M = 10000) was added. The mixture was stirred for 15 min and cooled
to 273 K. The pH was adjusted to ca. 9 by adding NaOH (1 M, 5 cm?®) to deprotonate the
reducing agent and to promote the electron transfer to the Ni cation. The solution was stirred
(90 min, 413 K) and the NP colloidal suspension was purified by extraction using excess
acetone (1:10) over not more than 4 h. After sedimentation of the nanocrystals, the
supernatant was decanted and the remaining suspension was centrifuged. Upon removal of
the solvent layer, the precipitate was redispersed in Et (15 cm?).

4 nm Ni NPs (Ni4): NiSO4-6H,0 (0.26 g) was dissolved in ethylene glycol (50 cm?).
To that solution PVP (2.2 g, M = 29000) and NaBH4 (0.1 g) freshly dissolved in water (5
cm®) were added. Particle nucleation was observed instantly and the solution was stirred
during 4 h (room temperature, 500-700 rpm) up to reaction completion. The sample was
purified by addition of acetone (500 cm?) until decantation of the colloids (in which PVP is
insoluble) which were redispersed in Et (15 cm?).

11 nm Ni NPs (Nill): NiSO4-6H>0 (0.26 g) was dissolved in ethylene glycol (120
cm?). PVP (2.2 g, M =29000), NaOH (4 cm?, 1 M) and hydrazine hydrate (2 cm?, 1 M) were
added. The solution was then brought to reflux for 4 h. Colloids were collected after addition

of acetone (1 x 10 m?) and redispersed in Et (15 cm?).
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14 nm Ni NPs (Nil4): NiSO4-6H>0 (0.26 g) was dissolved in tetra-ethyleneglycol (120
cm?). PVP (2.2 g, M = 29000) and NaOH (5 cm?, 1 M) were added to that solution which was
finally brought to reflux for 4 h. Colloids were collected after addition of acetone (1 dm®) and

redispersed in Et (15 cm?).

. Ethylene glycol PVP 102 or 29° Base
Colloids d(nm) (Amount, g) (Amount, g) (Amount, g)
Ni2 2 £0.8 120 2.2% NaOH, 0.2
Ni4 4 +£0.8 50 2.2° NaBH4, 0.1
Nill 11+1.7 120 2.2° NaOH, 0.2

. . NaOH, 0.16;
Nil4 14+£2.1 120 2.2 Hydrazine 0.1

Table 4.2.1. Synthesis conditions of the PVP-stabilized Ni nanoparticles.

b. Structured Supported Catalysts

The supported catalysts were prepared by deposition (via impregnation) of the colloidal Ni
NPs on a structured support of activated carbon fibers (ACF, Kynol Europa GmbH, ~2000 m? g,
produced from novoloid phenolic precursor fibers by a one step process combining carbonization
and chemical activation). Prior to deposition, the ACF were activated in 15% nitric acid (20 min,
363 K) to create high concentration of oxygen-containing groups on the carbon surface [115].

After deposition, Ni NPs were cleaned from PVP by UV-0zone (UVO) or thermal treatment
(At) since both methodologies have proved effective in the removal of PVP stabilizer [357, 390].
The catalyst was placed for 4 h under an UV lamp in air (A = 185 nm and 257 nm, where the
former generates ozone upon interaction with oxygen) and afterwards was reduced in a flow

reactor at 60 cm® min' 20% v/v H2/N; at 2 K min™ to 723 = 1 K (1 h) and cooled to room
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temperature under N,. PVP removal by thermal treatment involved pyrolysis in a flow of 100 cm?
min! 20% v/v Ho/Ar at 2 K min~! to 873 K (2 h). Samples were passivated at room temperature

in 1% v/v O2/Ar to prevent a strong bulk oxidation of Ni.

4.2.2.3 Catalyst Characterization
a. Unsupported Colloidal Ni Nanoparticles
Ni NPs size was determined by high resolution transmission electron microscopy (HRTEM)
using a JEOL JEM-3011 unit operated using Gatan Digital Micrograph for data treatment. The
specimens were prepared by Ni NPs dispersion in Et and deposited on a holey carbon/Cu grid
(Agar Scientific, 300 Mesh). Up to 250 individual metal particles were counted for each catalyst
and the mean diameter (d) was calculated from:

> nd,
= S

4.2.1)

where #; is the number of particles of diameter d,.
b. Ni NPs Supported on ACF
Samples after reduction were studied by scanning transmission electron microscopy (STEM)
using a FEI Tecnai Osiris microscope equipped with high brightness XFEG gun operated at
200 kV. The catalyst Ni/ACF was cut down by ultramicrotomy (Ultracut E, Reichert-Jung) to
analyze the ACF cross-section. The samples were infiltrated-embedded in an EPON 812 epoxy
resin and polymerized at 333 K for 24 h. Ultrathin sections (<60 nm) were obtained in a wedge

configuration using a 35° angle diamond knife (Diatome).
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4.2.2.4 Hydrogenation of m-Dinitrobenzene (m-DNB): Set-up and Analytics
Liquid phase hydrogenation reactions (7' = 423 K; PHz = 6-20 bar) were carried out in a

commercial batch stirred reactor (100 cm? stainless steel autoclave, Biichi AG, Uster, Switzerland)
equipped with a pressure controlled H> supply system. At the beginning of each experiment, a 80
cm? solution of m-DNB (Cp-png = 3.7 % 10 mol dm™) was charged and flushed three times with
N> under agitation. A recirculator (HAAKE B-N3) was used to stabilize the reaction temperature
to within = 1 K (ca. 1 h) using mineral oil (Shell Thermia; thermal conductivity = 0.45 kJ m™ h’!
K!; specific heat = 2.4 kJ kg'! K'") as the thermal medium. Hydrogen was then introduced, the
system was pressurized (to 20 = 0.2 bar, up to 11-fold excess of the stoichiometric requirements
for hydrogenation to m-NAN) and stirring was engaged (time ¢ = 0 for reaction). No measurable
conversion was detected in the absence of catalyst. The initial -NO>/Ni molar ratio spanned the
range 28-58. A non-invasive liquid sampling system via a 1/8 inch stainless steel tube surrounded
by two quarter turn plug valves allowed a controlled removal of aliquots (< 0.4 cm?) of the reacting
mixture.

Sample composition was analyzed using a Perkin-Elmer Clarus 500 chromatograph equipped
with a programmed split/splitless injector and a flame ionization detector employing a Stabilwax
(Cross-bond Carbowax-PEG, Restek, USA) capillary column (i.d. = 0.32 mm, length = 30 m, film
thickness = 0.25 um). Data acquisition/manipulation were performed using the TotalChrom
Workstation v.6.3.2. chromatography data system and the concentration of organic species in the
bulk liquid (Ci) phase were determined from the total mass balance in the reaction mixture. The

conversion of m-DNB (X,..onB) 1s defined as:

C -C i
X one (%) = —20—TEREL 4100 4.2.2)

m-DNB,0
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and selectivity with respect to m-nitroaniline (S,-nan) as a target product is given as:

Sinan (%) = Conuan x100 4.2.3)

Cm—DNB,O_ m-DNB
Repeated reaction runs with the same batch of catalyst delivered conversion/selectivity
values that were reproducible within = 4%.
The catalyst activity was quantified in terms of the initial m-DNB consumption rate (-Rm-

pnB,0) determined from a linear regression of the temporal m-DNB concentration profile:

(Cm—DNB,O _Cm—DNB) v

—Ri-ongo (mol, pygmoly; min™) = 4.2.4)

i TR

where V is the reaction volume, nn; is the number of moles of Ni, and #r the reaction time.
4.2.3. Results and Discussion

4.2.3.1 Monodispersed Ni Colloids
a. Ni Colloids Characterization
In order to confirm that the colloidal syntheses deliver the monodispersed Ni NPs, they were
characterized via Electronic Microscopy. Representative TEM and HRSEM images (I) and
associated N1 NPs size distributions (II) of Ni2 and Ni4 are shown in Figure 4.2.1. The results
indicate spherical particle morphology, which is consistent with a thermodynamically favorable
cubo-octahedral crystal shape [85]. The derived histograms show a narrow size distribution

confirming the formation of monodispersed Ni colloids.
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Figure 4.2.1. (I) Representative TEM images with (II) associated particle size distributions of
PVP-stabilized nanoparticles of (A) Ni2 and (B) Ni4; (III) HRSEM images of Ni2 supported on

ACF cleaned by (A) UVO or (B) pyrolysis.

b. Effect of the Solvent
Along with the catalyst optimization, the effect of solvent was investigated over 4 nm Ni
NPs (high dispersion, while retaining a metallic character of Ni) in a series of aliphatic alcohols as

reported in Figure 4.2.2. The activity trend shows an optimum value at 0.66 mol,,.ong mol i
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min™! using 1-PrOH, while the activities measured using Met and 2-HexOH are 2- and 3-fold

lower, respectively.
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Figure 4.2.2. Variation of activity (open bars) and selectivity to m-NAN (solid bars) over

unsupported 4 nm Ni NPs for a range of alcoholic solvents with decreasing dielectric constant.

Cm-pNBo = 3.7 107 mol 1!, 80 cm® Met, F’H2 = 6.1 bar, Py, =20 bar, =423 K, m-DNB:Ni = 58.

While these observations cannot be simply correlated with solvent properties, it is worth to
note that the interpretation of solvent effects in catalytic hydrogenations is often based on a
combination of various parameters [418]. Berthero and co-workers [419] established solvent—
catalyst interaction as the main factor influencing catalytic activity, where a strong interaction
inhibits significantly the kinetics due to active site blockage. They reported higher hydrogenation
rates in Et and 1-PrOH (compared to Met and toluene) due to substrate bond polarization/activation
(through H-bond with the alcohol) and a subsequent low apparent activation energy. Similarly,

Augustine et. al. [420] showed competition in the adsorption of Met and Et with H> on the catalytic
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active sites while 2-PrOH acts as a hydrogen donor. For the Pd-catalyzed acetophenone
hydrogenation, Drelinkiewicza etf. al. [421] pointed out that the catalyst activity was more
influenced by the solvent polarity than H» solubility.

Dielectric constant is often used as a quantitative characteristic of solvent's polarity [418]. It
represents well the solvent ability for charge separation and its stabilization. The selectivity trend
shows a decrease following the sequence from Met (¢ = 33) to 2-HexOH (e = 11). The alcoholic
solvents with high dielectric constants deliver the highest selectivity to m-NAN of 37 % which
falls down to 3% with 2-HexOH. This effect is attributed to the higher solvation of the substrate
and charges' stabilization in polar solvents such as alcohols. So, the solvents with high polarity
promote the activation/polarization of the nitro group and favor its interaction with hydrogen once
adsorbed on the catalyst surface [422]. Given that maximizing m-NAN selectivity is the critical
issue in the hydrogenation of m-DNB, Met was the solvent of choice for the catalyst testing and
optimization.

¢. Structure Sensitivity

Unsupported Ni NPs of 2, 4, 11 and 14 nm (see Table 4.2.1 for the results of TEM) were
tested as catalysts for the liquid-phase hydrogenation of m-DNB in Met and the results are
presented in Figure 4.2.3. The 6-fold increase of the turnover frequency (TOF) with the Ni size
(Figure 4.2.3(A)) is consistent with an antipathetic structure sensitivity. To the best of the author's
knowledge, there have been no reports demonstrating the size effect of Ni nanoparticles on liquid
phase m-DNB hydrogenation. The size influences the TOF due to well-known electronic and
geometric effects [353]. The relative ratio of the types of surface atoms (edge, vertex and plane

atoms) changes substantially with varying particle size: large particles possess mainly large crystal
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planes with atoms of high coordination number, whereas metal atoms with low coordination

numbers constitute small particles.
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Figure 4.2.3. (A) Specific activity (TOF) and (B) Selectivity to m-NAN for unsupported Ni NPs

at 50% (hatched bars) and 99% conversion (solid bars). Reaction conditions: Cy-png,o = 3.7 107

mol I'', 80 cm?® of Met, Py, = 6.1 bar, Py, =20 bar, T'=423 K, m-DNB:Ni = 58.

The statistics of surface atoms [75] for non-ideal face-centered cubo-octahedron (fcc) is used
herein to determine the relative amount of the different atom types on the surface for different NPs.
A non-ideal model was employed and the corresponding surface atoms fractions (x;) are reported

in Table 4.2.2. Ni atoms with low coordination numbers, i.e. edge and vertex atoms, are mainly
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present in 2 nm NPs, whereas large particles possess mainly Ni plane atoms of higher coordination
number. An increase in TOF for bigger NPs (up to 6-fold) suggests that plane Ni atoms are the
active sites responsible for the m-DNB transformation. This is probably linked to a stronger
adsorption of m-DNB on the plane atoms. According to the known "volcano" curve [423], an
increase in the adsorption strength of aromatic compounds would result in higher activity. Indeed,
the substrate adsorbs through the -NO» group, where the nitrogen holds a partial positive charge

8" and the plane atoms have a partial negative charge &

Fraction (-)
d (nm) D (%) Edges and vertexes — xc1 Planes — xo2
2 47.6 0.53 0.08
4 25.3 0.39 0.34
11 9.7 0.17 0.71
14 7.7 0.14 0.77

Table 4.2.2. Statistics of surface atoms for the Ni NPs used in this work.

On the contrary, the selectivity to m-NAN was found to be insensitive to particle size being
equal to 78 & 3% at conversion of 50% and drops to 35 & 3% at high conversion (X = 99%, Figure
4.2.3(B)). This effect could be due to the influence of the PVP used as a stabilizing agent during
the Ni NPs preparation. In spite of the PVP removal by thorough cleaning procedure via
decantation and redispersion in Et (see Experimental part for details), some traces of PVP are
known to remain on the metal surface [424]. These PVP traces adsorb stronger on the edges and
vertexes of Ni NPs (as compared to plane atoms) since electron-rich PVP has a higher affinity to
low coordinated atoms. Indeed, the partial positive charge located on NP edges and vertexes makes

them a favorable anchoring point to chemisorb PVP through the free electron doublet of nitrogen
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or oxygen. Consequently, a low selectivity to the target product irrespective to the size of the Ni

particle suggests that edge and vertex atoms are probably responsible for the reaction selectivity.

4.2.3.2 Monodispersed Ni Supported on ACF
a. Ni/ACF Characterization
In order to clean-up the PVP traces from the nickel surface, Ni NPs have been supported on
ACF and treated by UV-Ozone (UVO) or pyrolysis in inert flow (see Experimental for details).
The representative HRSEM image in Figure 4.2.1(I1I) provides an indication of the Ni NPs size
after PVP removal, either by UVO treatment (A) or pyrolysis at 873 K (B). The smallest (Ni2) and
the biggest (Ni14) nanocrystals have been selected to provide the biggest difference in the surface
atom fractions. While no significant particle growth is observed after UVO method (2.0 — 2.3
nm), Ni sintering occurs when applying thermal treatment (2.0 — 26 nm).
b. Effect of the Stabilizer Cleaning
PVP traces have a detrimental effect on selectivity. The results obtained over supported
catalysts Ni/ACF are presented in Figure 4.2.4 showing a remarkable increase in selectivity to m-
NAN (from 35% up to 96%) upon PVP removal. Independently of the treatment type (UVO vs.
thermal treatment), the Ni/ACF catalyst bearing the smallest (2 nm) nanoparticles were found to
provide the highest selectivity. This result further suggests that low coordination Ni atoms (edges
and vertexes) are responsible for the high selectivity to m-NAN while the plane Ni atoms
contribute to the activity response. The adsorbed m-DNB can generate a resonance form with a
positive delocalized charge in the aromatic ring, where only one —NO; is activated. As a
consequence, the ring is repelled from the partially positively charged Ni atoms and adsorption

occurs through the nitro group.
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Figure 4.2.4. Variation of TOF (open bars) and selectivity to m-NAN (solid bars) over

monodispersed (2 and 14 nm) Ni NPs/ACF treated by UV-Ozone (UVO) or pyrolysis (At). Cp-

pnBo = 3.7 107 mol I, 80 cm? of Met, PH2 = 6.1 bar, P, =20 bar, T=423 K, m-DNB:Ni = 58.

Some differences in activity/selectivity depending on the type of cleaning can be appreciated
from Figure 4.2.4. UVO is a more suitable method as compared to thermal treatment since it
delivers the smallest Ni NPS with the highest selectivity. Drop in selectivity after pyrolysis is
probably due to a strong Ni NPs sintering at high temperatures [425].

The reactant and product distribution as a function of time for the (2 nm) cleaned Ni/ACF is
shown on Figure 4.2.5(A). m-DNB is converted quasi-exclusively to m-NAN with a zero order
kinetics (linear dependence of the concentration vs. time) up to 75% m-DNB conversion with only
a small production (< 5%) of the over-hydrogenation product, m-phenylenediamine (m-PDA). A
comparison of the selectivity to m-NAN as a function of conversion for the unsupported PVP-

stabilized Ni colloids vs. cleaned Ni/ACF is shown on Figure 4.2.5(B) (Ni2) and 5(C) (Nil4).
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Figure 4.2.5. (A) Evolution of the molar fraction of (®) m-DNB, (®) m-NAN and (4 ) m-PDA
with time over cleaned 2 nm Ni NPs, Ni2/ACF; variation of selectivity with conversion for

unsupported Ni (open symbols) and cleaned Ni NPs (solid symbols) over (B) Ni2/ACF and (C)
Nil4/ACF. Reaction conditions: C-ons0 = 3.7 107 mol I'', 80 cm® of Met, Py = 6.1 bar, Py =

20 bar, =423 K, m-DNB:Ni = 31-68.
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The highest selectivity to m-NAN was recorded over the Ni/ACF containing 2 nm Ni nanoparticles
(Smnan > 95% up to 98% conversion). In contrast, there is a continuous decrease in S,,-nan at high
conversions for unsupported PVP-stabilized Ni colloids. This behavior suggests that the Ni surface
atoms have two distinguishable active sites, denoted as (c1) for the plane atoms and (c2) for the
edge and vertex atoms. The former are predominant in larger (Ni 11 and Ni 14) NPs.
Consecutive/parallel reaction pathways are depicted in Figure 4.2.6 presenting a simplified
reaction scheme. In small cleaned nanoparticles both sites o1 and o> are involved in catalysis,
while only one kind of active site, (c1) is active in unsupported Ni NPs as the edges and vertexes
are blocked by PVP. This effect could be understood supposing the preferential adsorption of PVP
on low coordinated (o?) sites, as discussed above (see paragraph 4.2.3.1 c.). With larger “cleaned”
particles, i.e. Ni14/ACF sample (Figure 4.2.5(C)), the lower selectivity can be ascribed to the

higher relative portion of plane atoms and associated (o1) sites if compared to the Ni2/ACF sample.

ky 01
v
NO, NH, NI,
ky 01 k, (o]
-------------- > ey
—
NO, K3i02 NO, NH,
m-DNB m-NAN m-PDA

Figure 4.2.6. Reaction pathways associated with the hydrogenation of m-dinitrobenzene
(m-DNB) to m-nitroaniline (m-NAN) and m-phenylenediamine (m-PDA). The targeted partial —
NO- group reduction and undesired routes are represented by bold and dashed arrows,

respectively.
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4.2.3.3 Kinetic Modelling

The observed behavior on Ni2 and Nil4 as per and without PVP (Ni2/ACF and Ni14/ACF),
was rationalized applying a Langmuir-Hinshelwood mechanism assuming two types of active
sites, dissociative hydrogen adsorption and bimolecular reactions between the adsorbed species.
The detailed derivation of the reaction rate expressions is based on a scheme presented in Figure

4.2.6. The rate equations are developed as follows:

m-DNB —2— m-NAN (D—N)

o1 sites
0
Kd‘51 _ D.c;
1 D+o,&———Dg;, Doy — Co 0,
92
Kiipop _ H,oy
2 H, +20,———=2Ho, Hz .01 _CH 92
KpH o K = eDH'Gl .961
3 Do, + Ho,&=——=DHo, +0, DHo ~ g g
D,c; “H,o;
4 .
(RDS") DHo, +Ho, SELETIN No, +o, nh= kl,cl Ot Oti.o,
K oy K _ eN:“l
5 No,———=N+oc, N'Gl_CN'ch
m-DNB —"2— m-NAN (D—N)
o2 sites
eD G
1 D+(52(£>DGZ KD,GQ :C '92
D’ Gy
62
Khzop = H .o
2 H,+20,———2Ho, Ki, o, “C 0
H, Yo,
Kom o K _ eDH,&':Z ’ [
3 Do, +Ho,&———=DHo, +0, He: "o 9.
Do, “H,o,
4 k36 =
®Ds") DHop+Ho,—=5Noy+o, k= Ks.o, Dok, Oni o,
Ky op K _ eNvﬁz
5 No,———=N+o, N.o, _CN'GGZ
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m-NAN —22— m-PDA (N—P)

o1 sites
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1 N +0,———Ng, Ny —
Cy-6,,
2
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01
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*RDS: Rate Determining Step

O1

A surface balance of active sites gives coverage of vacancies for the two types of active sites.

The coverage of the intermediate species was neglected:

1= 601 + GD,01 + GN’G1 + GP,GI +0

Hy.01

1=662 +9D'GZ +6ch2 +E)F,chz +0

H;.0,
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Coverages are expressed in terms of adsorption constants and bulk concentrations:

1
0, = 4.2.7
bO1+K, Co+K  Cy+K, Co+ K, Cp @27
6, - - (4.28)
" 14Ky, Co + Ky o Cy +Kpo Co+/Kyr o Car o
The reaction rate expressions can be developed for the four paths of the reaction:
k, Koo Ky . CoK, _C
r;L _ 1,6,  "DH,0; “D,5; “D" “H,,5; “H, . (4.2.9)
(14 Ko, Co + Ky Cu + Ky, Cp +,[Ky . Cr.)
K, Kg.. K,.C,K, C
r, = 3, Do, Doy 7D Maor My > (4.2.10)
(14 Kp0,Co + Ky, G + Ky, Co + Ky, Cr.)
K, Ky.Ky.CyK, . C
r, = 2o, Moy Noy PN Hpo M, > (4.2.11)
(14 Ko, Co + Ky o Cy + Kp o Co +,[Kyy Cyy )
r4 = k4'01KD'GlKDHv(’lKDHZleKDH 3v01CDKE'2v61C|i2 (4.2.12)

(1+Kp o Co + Ky Cy + Kp o Co +,[Kyy i, )z

Subscripts D, N and P refer to m-DNB, m-NAN and m-PDA, respectively, while DH, DH2,
DH3 and NH correspond to the reaction intermediates. The rate equations can be simplified by
considering the concentration of H> constant (large excess), by neglecting the coverage of m-PDA
and by grouping the constants of intermediate compounds in the numerator.

This results in the following simplified rate expressions:

K ,Kp.6,Co k

= ; 42.13) &=
(1+Kp ., Co + Ky, Cy)

KN,cleN
(14 Koo, Co + Ky G )

2,01

r;[:

(4.2.14)
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ké,cz KD,(SZCD k4,c71 KD,G1CD
r; = 7 4215 L= 7 (4.2.16)
(1+ KD,GZCD + KN,GZCN ) (1+ KD,(HCD + KNmCN )
The mass balance for m-DNB, m-NAN and m-PDA are given by:
dc, dc, dc,
i =-n-r-r, (4.2.17) " =nL+nL-r (4.2.18) " =+, 4.2.19)

The parallel m-DNB — m-PDA path was taken into consideration for Nil4, as a small
amount of over-hydrogenation product occurs already at low conversion (<5%). Therefore,
Equation (4.2.12) and r4 contribution in the mass balance were considered for larger NPs.
Equations 4.2.13-4.2.16 were solved simultaneously using Berkeley Madonna software v.8.3.18
with Runge-Kutta’s method for differential equations.

A good correlation between the model and experimental values has been obtained for all the
four samples (see Figure 4.2.7). It is worth to note that all samples demonstrated a short (< 10%
of the total reaction time) induction period characterized by a slower temporal decrease of the m-
DNB concentration. It was proposed elsewhere that such induction period may be due to an
activation of the catalyst in the reaction mixtures [426] or attributed to surface restructuring [427]
due to the adsorption of the substrate. The catalyst activation is more likely to occur when H> is
added to the reaction mixture due to reduction of partially passivated surface Ni layer. The

induction periods were consequently not used for the kinetic curve simulations.
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Figure 4.2.7. Experimental (®) m-DNB, (®) m-NAN and (4) m-PDA and modelled (lines)

concentration vs. time for (I) supported and (II) unsupported (A) Ni2 and (B) Ni 14 catalysts.
Reaction conditions: Co-pngo = 3.7 107 mol I, 80 cm? of Met, F’H2 = 6.1 bar, Py =20 bar, T=

423 K, m-DNB:Ni = 31-68.

The corresponding adsorption and kinetic constants obtained are summarized in
Table 4.2.3. Similar values were fixed for the individual adsorption constants which are slightly
higher (<2-fold) for cleaned Ni if compared to Ni colloids. As a result of adsorption through the
positively charged nitrogen in the —-NO> group, m-DNB is strongly (by two orders of magnitude)
adsorbed on plane atoms (o sites) as compared to the adsorption on edge and vertex atoms (G2

sites). By the same logic, the partially reduced m-NAN exhibit 10-fold higher adsorption constant
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(Kn,c1) in comparison with m-DNB (Kp,2). For PVP-free Ni NPs in Ni/ACF samples, the kinetic
constant k3 related to the m-DNB to m-NAN hydrogenation step on o> sites is significantly higher
(5- to 10-fold) than k3 for their unsupported counterparts. It means that with unsupported Ni, the
first hydrogenation step occurs essentially on o sites, where G2 sites play no genuine role at all.
This is in good agreement with the previous assumptions (see Paragraph 4.2.3.2 b.). High ks/k;
ratio and ks/k> ratios, demonstrating the essential role of o sites in the first hydrogenation step

with minimized over-hydrogenation accounts for the high selectivity delivered by cleaned Ni2 NPs

of Ni2/ACF catalyst.
Adsorption constants Kinetic constants
Catalyst Kpot Kp.o2 Knot ki k: ks ky
(1 mol™) (mmol,»-png molxi™! min™)
Ni2 0.21 0.86 0.04 -
330+ 30 4.0 43 £ 1
Nil4 0.15 0.40 0.05 0.03
Ni2/ACF 0.37 0.12 0.75 -
550+50 | 59+1 73+3
Nil4/ACF 0.26 0.20 0.28 0.02

Table 4.2.3. Adsorption and kinetic constants obtained from kinetics modelling.
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4.2.4 Conclusions

The results can be summarized as follows:

1.

Monodispersed Ni NPs with a mean diameter between 2-14 nm were prepared via colloidal
technique using PVP as stabilizing agent, washed from PVP and tested non-supported to
study a size effect during the catalytic semi-hydrogenation of m-DNB to m-NAN. Colloidal
Ni NPs as per were found to promote the formation of the over-hydrogenation product (m-
PDA) especially at high conversion of m-DNB. This effect was attributed to preferential
adsorption of the traces of PVP on the edge and vertex atoms responsible for the selective
transformation of m-DNB to m-NAN.

The removal of PVP traces from Ni NPs surface via UV-Ozone treatment of the supported
Ni/ACF samples resulted in drastic increase of selectivity to m-NAN at close to full
conversion. The highest performance was obtained over the smallest supported 2 nm NPs

(Ni2/ACF) allowing up to 96% yield of m-NAN.

. Two-sites Langmuir-Hinshelwood kinetic model was applied to rationalize the results

obtained and found to be consistent with the experimental kinetic data.
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Chapter 5

General conclusions and Outlook

5.1 Achieved Results

The main objective of this work was to design novel catalytic formulations for industrially
relevant reactions, to wit, the selective partial hydrogenation of poly-substituted nitroaromatic
compounds and alkynes. To achieve this goal, a rational approach of the catalyst design was
applied at different scales, from the active site to the support level.

This work focused on two different catalytic systems, starting with bulk molybdenum
nitrides as an active material suitable for the -NO; — —NH; reduction. A temperature programmed
treatment of MoOs in Ny/H» allowed to prepare Mo-nitrides with a precise control of the
crystallographic structure, nitrogen content and surface area. Subsequently, passivation by a
superficial oxide layer was an effective way to prevent destructive bulk oxidation. TPD
measurements revealed a significant quantity of hydrogen (0.7 umol m2) associated with activated
P-MozN, which produced exclusively p-chloroaniline (p-CAN) in the batch liquid phase
hydrogenation of p-chloronitrobenzene (p-CNB). In contrast, Pd/Al>O3 was non-selective (78%

selectivity to p-CAN) and generated combined hydrodechlorination/hydrogenation products. By
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applying the Hammett relationship to the hydrogenation of a series of para-substituted nitroarenes,
it was shown that the reaction proceeded via a nucleophilic mechanism where the presence of
electron withdrawing substituents served to increase the reaction rate. In comparison, y-MoaN
showed a lower specific (per unit area) H> uptake as compared to f-MooN, which translated into
lower (approximatively 2-fold) specific hydrogenation rates. However, no variation of the specific
rate was observed within y-MooN samples having different specific surface areas demonstrating
that, the intrinsic activity is independent of surface area for a given crystallographic phase.

XPS measurements allowed to conclude that a greater number of nitrogen deficient sites
were responsible for the higher H> uptake ability of f-MooN. Bearing this in mind, the degree of
nitridation was controlled during the catalyst preparation yielding in samples with varying Mo/N
ratios. Nitrobenzene hydrogenation rate was increasing together with N content as a result of the
facilitated heterolytic dissociation of H> on Mo-N pairs, in agreement with the mechanism of
hydrogen activation proposed in the literature (see 2.1.2). On contrary, higher N contents did not
favor benzaldehyde to toluene hydrogenolysis.

In addition, low levels of supported gold has proved to further increase Mo-nitride
efficiency. Au/f-MooN exhibited increased hydrogenation rate (by a factor up to 4) with p-CAN
as the sole product in both batch liquid and continuous gas phase hydrogenation of p-CNB, a result
which was retained over consecutive runs. Furthermore, Au/MooN exhibited a greater (2-fold)
activity relative to a benchmark Au/Al>Os, demonstrating a cooperative effect of Au and MozN.
These findings have established the requirements for the design of Mo-nitrides catalysts suitable
for the clean production of aromatic anilines.

On a different level, structured catalysts were subsequently designed using colloidal methods

to tailor an active phase selective for the C=C — C=C as well as —-NO» group reduction. The
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potential of tailoring surface electronic/structural properties in Pd NPs by means of using different
protective/modifying agents was demonstrated using acetylene semi-hydrogenation as a model
reaction. This, it was established that modifications in the nature of the reducing agent do not affect
significantly in catalytic response while steric (vs. electronic) stabilizers and larger particles were
more efficient for ethylene production. Polyvinylpyrrolidone stabilized Pd (4 nm) supported on
structured sintered metal fibers coated by polyvinylpyridine modified carbon nanofibers was
shown to be an optimum formulation where the catalyst shows high selectivity (93%) and stability
with time-on-stream. The promoting effect of selected appropriate protective and modifying agents
was found to arise from two main factors, namely geometric and electronic effects induced by
steric stabilizer and charge-transfer engendered by the N-containing ligands grafted on the
carbonaceous support.

The development of another structured catalyst was performed for the selective m-
dinitrobenzene hydrogenation, where PVP-stabilized Ni nanocolloids were optimized in terms of
activity and selectivity. The TOF was found to rise with the Ni particle size, as a result of the
increased number of plane atoms associated to stronger adsorption of the substrate. Colloidal Ni
NPs promoted the reduction of both -NO; functionalities which was ascribed to the preferential
adsorption of PVP on selective edge and vertex atoms. Once deposited on activated carbon fibers
and cleaned from PVP traces by UV-Ozone treatment, Ni NPs delivered significantly increased
selectivity to the partially reduced m-nitroaniline. The distinct nature of the plane and edge/vertex
atoms was confirmed a kinetic modeling based on a Langmuir-Hinshelwood mechanism.

Depending on the specific reaction, the active phase can be optimized in terms of

structural/electronic properties and can be tuned even further with the use of additives. N-
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containing ligand shell was found to confer enhanced selectivity to the tested supported Pd

catalysts whereas the absence of stabilization agents translated in prominent increase of selectivity.

5.2 Further Developments

With regard to the Mo-nitrides preparation, it has been proven that the crystal phase and
composition can be precisely controlled. To establish the formation mechanism involved in the
preparation of different allotropic forms, the reaction mechanism and the influence of critical
reaction parameters, e.g. heating ramp, final isothermal hold time, relative v/v N»>/H; and gas
hourly space velocity need to be systematically studied. This work is under way and resulted in a
comprehensive reaction diagram with the formation of (i) pure phases, (ii) mixtures of
crystallographic phases and (iii) metallic Mo in the nitride. We must now account for the disparate
reactional pathways and identify the origin of the distinct catalytic response observed over the
different nitride forms.

The preparation of Mo2N with controlled structures showed a clear potential for the selective
hydrogenation of substituted nitroarenes. Mo-nitrides exhibit a very high selectivity to the
corresponding animes, are simple to prepare and do not suffer from noticeable deactivation.
Therefore, an extension of the catalytic applications should be carried out. To date, only one study
reports [176] the use of -MozN for alkynes hydrogenation. This is the topic of an ongoing study
where - and -Mo2N have been tested in the acetylene and phenylacetylene hydrogenation. The
latter showed higher catalytic performance and generated very low amounts (3%) of oligomers.
Doping the ynitride with traces (0.1% wt.) of Pd incorporated before and after the nitridation
process served to increase the hydrogenation rates, however at the expense of selectivity and

oligomers formation.
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In addition, preliminary tests have also shown the possibility of coating SMF with a MooN
film by means of chemical vapor deposition methods. Whereas the use of structured Mo-nitride
catalysts could be limited in terms of activity on grounds of the maximum loading on the support,
the incorporation of low level of dopants (like Pd, Au, Ni, Cu) could help to address this problem.

The incorporation of traces of transition metals has been shown to exhibit pronounced effects
upon the morphology of beta-phase molybdenum nitride [180] with various proportions of surface
atoms of distinct coordination. It was shown [428] that the addition of a second metal component
into MozN increased the concentration of (111) crystal planes as compared to (200) planes, the
former being more active for hydrogen adsorption [50]. In this respect, the effect of the crystal
shape could be studied in the continuation of the rational catalyst design approach undertaken at
the nanoscale level.

Ultimately, an exciting extension of this work on interstitial alloys would be the preparation
and catalytic testing of molybdenum carbides for which the selective hydrogenation capacities
were reported through various reviews [4, 11] and studies [429, 430].

Regarding the preparation of structured Ni catalysts, the removal of the stabilization agent
was beneficial to achieve high selectivity. In accordance with this finding, "naked" Ni NPs were
prepared by means of ion-exchange on a functionalized ACF support. Mild and strong acid
treatments of the ACF resulted in the formation of quasi-monodispersed small (3 nm) and larger
(10 nm) Ni NPs, respectively, and high m-nitroaniline yields (97%) were achieved. On the
contrary, Ni/Al,O3 is not selective (with similar metal dispersion). To assess the possible reasons
of the high selectivity (lower Ni oxidation state due to carbon), it would be necessary to

characterize the active phase by means of in-situ techniques.
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