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Summary
Heterogeneously-catalyzed hydrogenations lie at the heart of many industrial processes.
However, the archetypal catalysts applied for more than six decades have been developed in
empirical ways, using ‘trial-and-error’ approaches. These materials consist of nanoparticles with
high metal loadings, modified with toxic poisons and deposited on inert supports. The size of
the metallic phase, its morphology, and composition are not well controlled. For instance,
the hydrogenation of alkynes and nitroarenes, widely employed in the manufacture of drugs,
vitamins, fragrances, pigments, polymers, and agrochemicals, are industrially catalyzed by
supported Pd and Pt particles modified with lead and/or vanadium. The presence of these
toxic elements poses severe limitations on the sustainability and future utilization of these
technologies.
To address the increasing regulatory requirements on health, safety, and the environment,
new catalytic solutions need to be established. In this context, the hydrogenation field has
experienced a new research impetus in the last decade. New developments and discoveries were
prompted by advances in materials synthesis, characterization, testing, and molecular modeling.
This thesis contributes to this interest and addresses one of the major challenges ahead: can we
design novel heterogeneous catalysts that are selective, atom-efficient, poison-free, and have the
potential to replace state-of-the-art materials? To answer this question, the hydrogenation of
alkynes and nitroarenes are targeted as two industrially-relevant reactions. The research work
has involved the identification and understanding of suitable catalytic systems for operation in
gas and liquid phase.
With respect to the gas phase, the established concept that unconventional metals cannot
catalyze in a selective manner hydrogenations due to a limited H2 splitting ability is discarded.
Using novel synthetic procedures, highly active and selective Ag-based catalysts featuring
well-defined surface defects have been identified. The tailored materials exhibit catalytic
properties unobservable over the bulk metal. Aided by Density Functional Theory, new kinetic
fingerprints are determined, which broaden the mechanistic diversity of gas-phase catalyzed
hydrogenations. In the search for alternative active phases, the unprecedented performance of
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nanostructured ceria, a pure and abundant metal oxide, in ethyne and propyne hydrogenation
is also rationalized. This is attributed to the unique redox and structural properties of ceria,
which enables hydrogen activation. Despite its selective character, high operating temperatures
are required in the reactions. This drawback, however, can be overcome by doping CeO2 with
Ga and In. This boosts the gas-phase hydrogenation performance, preserving the selectivity
towards the alkene.
Regarding liquid-phase applications, unmodified and alloyed palladium are compared
with Ag, Au, CeO2 , and ligand-modified Pd catalysts in the hydrogenation of alkynes and
alkynols. Although Ag, Au, and CeO2 are selective to the desired product and poison-free, the
higher temperatures and pressures required to achieve a significant conversion may limit their
exploitation at industrial scale, due to the limited thermal stability of many fine chemical and
pharmaceutical reactive intermediates. On the other hand, the chemo- and stereoselectivity of
the ligand-modified Pd nanoparticles match (and in some cases even exceed) the performance
of the alloyed catalyst. Theoretical calculations are employed to derive structure-performance
relationships. The results are finally generalized to other ligand-modified catalysts (Pt-based)
for the chemoselective hydrogenation of nitroarenes.
The acquired molecular understanding paves the way for the design of a stable singlesite palladium catalyst for alkyne and nitroarene hydrogenation. This material is obtained by
embedding individual palladium atoms into the cavities of a C3 N4 support. The high activity
of the material with respect to typical nanoparticle-based catalysts, the outstanding degree
of product selectivity, and its resistance to leaching are ascribed through Density Functional
Theory to the isolation of the active site where the reaction takes place. Thus, this result
highlights the potential of site isolation in hydrogenation research.
The findings presented in this thesis have been obtained through an integrated approach
which includes catalyst syntheses, advanced characterizations, kinetic studies, and molecular
modeling (Density Functional Theory, classical and first-principles Molecular Dynamics). In
particular, the use of a high-throughput flow chemistry micro-reactor enables accelerated
catalyst testing and quantitative kinetic studies under steady state. Overall, the work
substantially enriches the mechanistic understanding of catalyzed hydrogenations and offers
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a wide perspective of the rules governing the design of advanced nanostructured catalysts for
this family of reactions.

Zusammenfassung
Heterogen-katalysierte Hydrierungen sind von zentraler Bedeutung für zahlreiche industrielle
Prozesse. Die ursprünglichen Katalysatoren, die seit mehr als sechs Jahrzehnten verwendet
werden, wurden empirisch mit der trial-and-error-Methode entwickelt. Diese Materialien
bestehen aus Nanopartikeln mit hoher Metallbeladung, die mit giftigen Stoffen modifiziert
und auf inaktiven Trägermaterialien immobilisiert werden. Grösse, Morphologie und
Zusammensetzung der Metallphasen sind hierbei jedoch nur bedingt kontrollierbar. Die
in der Herstellung von Medikamenten, Vitaminen, Düften, Pigmenten, Polymeren und
Agrarchemikalien weit verbreiteten Hydrierungen von Alkinen und Nitroaromaten werden
durch geträgerte Pd- und Pt-Partikel katalysiert, die mit Blei und/oder Vanadium modifiziert
werden. Das Vorhandensein letzterer schränkt die Nachhaltigkeit und die künftige Verwendung
dieser Technologien aufgrund ihrer Toxizität massiv ein.
Da die rechtlichen Anforderungen an Gesundheit, Sicherheit und Umweltschutz steigen,
müssen Lösungen für neue Katalysatoren gefunden werden. Aus diesem Grund erlebte die
Erforschung katalytischer Hydrierungen in den vergangenen zehn Jahren neuen Aufschwung.
Neue Entdeckungen und Entwicklungen wurden durch Fortschritte in der Materialsynthese,
den Charakterisierungsmethoden, der Reaktorkonzeption und der molekularen Modellierung
ermöglicht. Die vorliegende Arbeit leistet diesbezüglich einen Beitrag und beschäftigt sich
hierbei mit dem folgenden Hauptproblem: Können wir neue heterogene Katalysatoren
entwickeln, die selektiv, atom-effizient und frei von giftigen Stoffen sind sowie das Potenzial
haben, herkömmliche Materialien zu ersetzen? Anhand der Alkin- und Nitroarene-Hydrierung
als zwei bedeutsame Fallbeispiele der chemischen Industrie soll diese Frage beantwortet
werden. Diese Forschungsarbeit beinhaltet die Identifizierung und das Verständnis geeigneter,
katalytischer Systeme für die Reaktionsführung sowohl in der Gas- als auch in der Flüssigphase.
In Bezug auf die Gasphase wird das bisherige Konzept verworfen, nach dem
unkonventionelle Metalle unselektiv für Hydrierungen seien, weil sie H2 nur bedingt
spalten könnten. Mithilfe neuer Syntheserouten wurden hochaktive und selektive Ag-basierte
Katalysatoren mit klar definierten Oberflächendefekten gefunden. Diese massgeschneiderten
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Materialien zeigen bisher unbeobachtete, katalysatorische Eigenschaften bei Massenmetallen.
Mit Hilfe der Dichtefunktionaltheorie werden neue kinetische ‘Fingerabdrücke’ bestimmt,
welche die mechanistische Diversität der Gasphasen-Hydrierung vergrössern. Auf der Suche
nach alternativen aktiven Phasen wird die unvorhergesehene Aktivität von nanostrukturiertem
Ceroxid - einem reinen und häuflig verkommenden Metalloxid - bei Ethin- und
Propin-Hydrierungen erklärt werden, welche mit dem einzigartigen Redoxverhalten und
den Struktureigenschaften des Ceroxids zusammen, die die Aktivierung von Wasserstoff
ermöglichen. Trotz seiner hohen Selektivität werden hohe Betriebstemperaturen für die
Reaktionen benötigt. Dieser Nachteil kann jedoch mit der Ga- und In-Dotierung des CeO2
beseitigt werden. Dies verstärkt die Hydrierungsaktivität in der Gasphase bei tieferen
Temperaturen bei gleichzeitiger Bewahrung der Alken-Selektivität.
Bezüglich der Flüssigphasenanwendungen werden Struktur und Reaktivität von reinem
und legiertem Palladium mit Ag, Au, CeO2 und ligandenbedeckten Pd-Katalysatoren in
der Hydrierung von Alkinen und Alkinolen verglichen. Obwohl Ag, Au und CeO2 einerseits
selektiv zu den erwünschten Produkten führen und zudem nicht-toxisch sind, werden höhere
Temperaturen und Drücke benötigt. Dies limitiert deren industrielle Anwendung aufgrund
der begrenzten thermischen Stabilität vieler Feinchemikalien und reaktiver pharmazeutischer
Zwischenprodukte. Andererseits entsprechen (und in gewissen Fällen sogar übersteigen) die
Chemo- und Stereoselektivität der ligandenbedeckten Pd-Nanopartikel der Aktivität der
legierten Katalysatoren. Theoretische Berechnungen lassen Schlussfolgerungen auf StrukturAktivitätsbeziehungen zu, um die beobachteten Selektivitäten verstehen zu können. Die
Resultate werden anhand anderer ligandenbedeckten (Pt-basierter) Katalysatoren für die
chemoselektive Hydrierung von Nitroaromaten verallgemeinert.
Das so erworbene molekulare Verständnis ebnete den Weg für die Entwicklung eines
stabilen ‘single-site’ Palladium-Katalysators für die Alkin- und Nitroaromaten-Hydrierung.
Das Material wurde durch die Einbettung einzelner Palladium-Atome in die Hohlräume des
C3 N4 -Trägermaterials hergestellt. Seine im Vergleich zu gewöhnlichen nanopartikelbasierten
Katalysatoren hohe Aktivität, der aussergewöhnlich hohe Grad an Produktselektivität und seine
Beständigkeit gegenüber der Auslaugung werden durch die Dichtefunktionaltheorie der Isolation
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der aktiven Zentren, wo die Reaktion stattfindet, zugeschrieben. Dieses Resultat unterstreicht
das Potenzial der Isolation von aktiven Zentren für die Forschung der Hydrierungsreaktionen.
Die in dieser Untersuchung vorgelegten Ergebnisse verfolgen einen integrierten
Ansatz, welcher die Katalysatorsynthesen, Charakterisierungsmethoden, Kinetikstudien
und

molekularen

Modellierungen

(Dichtefunktionaltheorie,

klassische

und

ab

initio

Molekulardynamik) beinhaltet. Insbesondere der Gebrauch kontinuierlicher HochdurchsatzMikroreaktoren ermöglicht schnellere katalytische Tests und quantitative kinetische Studien
unter stationären Bedingungen. Insgesamt bereichert diese Arbeit das mechanistische
Verständnis der heterogen-katalysierten Hydrierungen und bietet vielfältige Anleitungen
für die Entwicklung fortschrittlicher nanostrukturierter Katalysatoren für diese Art von
Reaktionen.

Chapter 1
Introduction
1.1. Catalyzed Hydrogenations
The hydrogenation of targeted functional groups is the most applied method for the reduction of
organic compounds and is considered one of the key transformations in the chemical industry.[1,2]
Hydrogenation reactions are widely applied in the production of bulk and fine chemicals
(Figure 1.1). Bulk chemicals are simple, large-volume, and low-price compounds such as ethene
and propene. These compounds are produced in continuous processes and used for a variety
of applications.[3] Fine chemicals, on the other hand, are functionalized molecules with limited
thermal stability, produced in small quantities in multipurpose batch processes, and sold for
their high value and molecular quality, rather than for their functionality.[3] Examples include
vitamins, peptides, and fungicides. Despite the strict differences between these two classes of
materials, it is extraordinary that common denominators exist in the criteria that have been
used to design catalytic materials.

Figure 1.1. Differences between hydrogenation reactions applied in the manufacture of bulk (left)
and fine (right) chemicals.
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Since the pioneering work of Sabatier,[4] more than 90% of all catalytic hydrogenations
are conducted over heterogeneous catalysts.[5,6] Homogeneous catalysts have been developed
in recent years and have expanded the scope of hydrogenation catalysis, in particular for
enantioselective transformations.[7] However, heterogeneous catalysts are dominant due to
higher catalyst stability, easy material handling and recovery, and the possibility to avoid the
use of stoichiometric reductants, which results in less waste.[8–10]

1.2. Typical Heterogeneous Catalysts
The heterogeneous catalysts are often based on transition metals such as Pd, Pt, Rh, Ru, and
Ni, deposited on inert carriers such as activated carbon, alumina, and silica.[1,2] As shown in
Figure 1.2, the catalysts contain 0.01-0.5 wt.% of metal for the hydrogenation of relatively
small substrates (e.g., ethyne), and 5-10 wt.% of metal for more complex molecules. It is
well known, however, that these numbers are rather an accepted rule than a compromise
between making the most efficient use of the metal and the need to reach high reaction rates,
stereoselectivity (i.e., selectivity to a specific stereoisomer), regioselectivity (i.e., selectivity to
one direction of hydrogen addition), and chemoselectivity (i.e., selectivity to the hydrogenation
of a specific function group). Thus, taking into account the highly reactive nature of H2 , to
increase process efficiency and avoid byproduct formation, the metal phase requires modification
with secondary or ternary metals and/or selective deactivation with (often toxic) additives such
as sulfides, amines, or other chiral compounds.[1,2,5] This reduces the fraction of the original
active phase available for catalysis and ultimately results in a suboptimal utilization of the high
metal content. These problems have encouraged the search for more environmental friendly
materials.[11–13]
It would be outside the scope of this chapter to give a comprehensive description of the
properties and applications of all catalytic materials developed over the years. Accordingly, this
work targets the hydrogenation of alkynes and nitroarenes as two case reactions for assessing
the state-of-the-art and frontiers in catalyst design.

Figure 1.2. Overview of the typical active phases in most of the industrially-relevant hydrogenations. Adapted from [1,2].
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1.3. Stereoselective Hydrogenation of Alkynes
The selective semi-hydrogenation of alkynes is a particularly important reaction in the context
of bulk and fine chemicals manufacturing. Specifically, the hydrogenation of ethyne to ethene is
applied in upstream polymerization processes.[14,15] Ethene feeds from steam crackers contain
traces of ethyne impurities (up to 5 vol.%).[14] The stringent purity requirements for polymergrade alkenes demand that the concentration of this highly unsaturated compound, that can
adsorb on the Ziegler-Natta polymerization catalyst and inhibit chain growth,[2] should be
reduced to less than 5 ppm.[14] The purification of ethene streams is primarily conducted through
the selective hydrogenation of the acetylenic impurities, using non-adiabatic multitubular
reactors or adiabatic reactors with intermediate cooling.[2,16] The catalyst is based on palladium
(0.01-0.05 wt.%) promoted with the addition of secondary or ternary metals (e.g., Ag, Au, or
Cu) and deposited on a low-surface-area and low-acidic support such as α or δ-alumina, to
avoid diffusion limitations inside the catalyst granules and potential acid-catalyzed reactions
by the support.[2,16,17] To further enhance the selectivity, CO is often fed with the reactants as
a process modifier.[14]
Functionalized alkenes, on the other hand, are manufactured via liquid-phase alkyne semihydrogenation,[6,18–20] using stirred-tank reactors with cooling jackets.[2] Compared to the gas
phase, the liquid phase provides several advantages, including the continuous washing of the
catalyst particles by the solvent to remove carbonaceous deposits and oligomers, and mitigation
of the reaction exothermicity in order to avoid possible runaway. The catalyst in use is Lindlartype and is based on Pd (5 wt.%) modified with Pb or Bi (4 wt.%) and supported on lowsurface-area CaCO3 and BaSO4 .[21–23] In some cases, quinoline is added in the mixture as a
selectivity enhancer.
From a mechanistic viewpoint, the ability of acetylenic species to be hydrogenated can be
attributed to the high electron density and restricted rotation of the carbon-carbon triple bond,
which account for its adsorption strength on a metal surface.[9,24] The reaction proceeds through
the dissociative chemisorption of H2 and the sequential addition of the dissociated H atoms to
the acetylenic substrate, yielding the alkene (partial or semi-hydrogenation) and the alkane
(over-hydrogenation). This mechanism is often referred to as the Horiuti-Polanyi scheme.[25,26]
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Stopping the reaction at the alkene stage might be challenging, especially over catalysts such
as Pd that are highly active in H2 splitting. For this reason, a kinetic selectivity factor is often
identified, defined as the ratio between the rate of semi-hydrogenation and the rate of overhydrogenation.[15,17,27] In addition, a thermodynamic selectivity factor can be defined as the ratio
between the adsorption energy of the alkyne and that of the alkene.[15,28,29] Thus, for gas and
liquid-phase alkyne hydrogenation, a catalyst is selective to the alkene when it preferentially
adsorbs and hydrogenates the alkyne moiety and/or avoids the consecutive hydrogenation of
the alkene which results in the production of the fully saturated compound.
Bare Pd, however, has the large tendency to incorporate H species in the metal lattice,
forming hydrides.[29–31] The presence of hydrides can further promote the production of the
alkane. This is particularly evident at moderate-to-high hydrogen partial pressures.[31] On
the other hand, in H-poor regimes, the adsorbed alkyne may not find available H species
in close proximity. Thus, coking and C-C coupling reactions between adsorbed acetylenic
species could be favored.[31] The presence of coke may induce the formation of Pd carbides
at defective sites, leading to a further drop in activity. This epitomizes the dynamic nature
of bare palladium, which cannot catalyze in a selective manner the reaction. Hence, modifiers
are required during both gas and liquid-phase operation. The modifiers (secondary or ternary
metals, CO, quinoline) tailor the size and energy landscape of the ensemble of atoms where
the reaction occurs, suppressing the formation of hydrides and carbides and securing a high
olefin yield.[31,32] However, this also results in a low metal utilization. For instance, for the
Lindlar catalyst, it has been estimated that only 0.02 wt.% of the total loading of precious
metal (5 wt.%) is active during catalysis.[32] This justifies the search for more sustainable and
efficient alkyne hydrogenation catalysts.

1.4. Chemoselective Hydrogenation of Nitroaromatics
The hydrogenation of nitroaromatic compounds to the corresponding amines is another
important reaction for the production of isocyanates, polyurethanes, rubber additives,
agrochemicals, pesticides, and explosives.[33] Old methods to perform this transformation, such
as the Bechamps reduction in the presence of HCl,[34] suffer from the formation of byproducts in
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stoichiometric amounts and are no longer attractive.[35] Nowadays, the reaction is industrially
conducted in the presence of molecular hydrogen, using batch reactors.[2] Although a huge
number of materials based on different active phases have been reported,[36] all catalysts in
practice continue to be based on platinum, since this metal combines a good level of activity
in nitrogroup reduction with a high degree of chemoselectivity to the desired product.[37] In
particular, the Pt nanoparticles (5 wt.%) are modified with Pb, V, or other S, P, N, and Clcontaining species (1 wt.%) and supported on activated carbons.[36,38,39]
The hydrogenation mechanism of nitroarenes, known as the Haber mechanism, was
published in 1889 and was only recently validated on a theoretical ground.[40,41] The initial
step of the reaction involves the adsorption of the reactants through the -NO2 group on
the active metal. After hydrogen splitting to form atomic H, the reaction continues with
the reduction of the nitro to a nitroso group, the rapid addition of the nitroso resulting in
the formation of phenylhydroxylamine, and the production of aniline by hydrogenation of
phenylhydroxylamine. Haber also described the formation of dimers such as azoxybenzene,
azobenzene, and hydroazobenzene, as a result of condensation of two intermediate products,
nitrosobenzene and phenylhydroxylamine. The rate-limiting step in the whole process is the
hydrogenation of phenylhydroxylamine to aniline.[38] For this reason, the scope of catalysis
research has been that of designing new materials that can accelerate the rate of this step.[9] The
accumulation of phenylhydroxylamine, in fact, is problematic due to the explosive character of
its potential decomposition. Besides, phenylhydroxylamine is carcinogenic and its accumulation
can decrease the product quality because of the formation of condensation species having a
different color. In this sense, modifiers are used in the formulation of the Pt-based catalysts to
lessen the adsorption energy of some of the reducible intermediates and reduce the accumulation
of phenylhydroxylamine by catalyzing its disproportionation. Needless to say, the presence of
modifiers also results in a suboptimal utilization of the high metal loading and has encouraged
the search for new materials.
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1.5. Recent Advances in Catalyst Design and Process Technology
The strategies applied to identify novel catalytic systems for selective hydrogenations can be
classified in three categories: (i) multimetallic systems containing Pd and Pt, (ii) materials
based on alternative active phases, and (iii) hybrid supported nanoparticles.
The application of multimetallic systems emerged in the last century. Many materials have
been developed and excellent reviews are available on the design and performance of active,
selective, and low-cost multimetallic hydrogenation catalysts.[42–44] In general, the improved
activity and/or selectivity of these materials has been explained in terms of: (i) electronic effects,
due to the perturbation of the metal environment by the promoter, leading to changes in the
mechanism of H2 activation, semi and over-hydrogenation, and/or oligomerization; and/or (ii)
geometric effects, due to the reduction of the ensemble size, leading to a decreased number of
adjacent adsorption sites.[44] For alkyne hydrogenation, the majority of works have focused on
modified Pd, since this active phase enables operation at very mild temperature (<300 K); the
catalysts developed were Pd-Ag,[45,46] Pd-Au,[47] Pd-Bi,[48–50] Pd-Cu,[51,52] Pd-Ga,[53] Pd-Sn,[54]
and Pd-Zn.[55,56] Among the promoters, Bi and Sn behave similarly to Pb in the Lindlar catalyst
because of their efficiency in reducing the binding energy of the double and triple bonds and
suppressing hydrides formation.[44] For this reason, in both gas and liquid-phase, catalysts based
on Bi and Sn show a high degree of alkene selectivity (>95%) and low oligomer and alkane
formation, even at low modifier content (modifier:Pd < 1). The use of Ag, Au, Cu, and Ga
as modifiers, on the other hand, generally alters the properties of palladium to have stronger
adsorption energies of the triple and double bonds, potentially leading to oligomerization.[44] To
counterbalance this effect, a high loading of Ag, Au, Cu, and Ga is required (modifier:Pd > 1),
in order to achieve a better isolation of the active palladium sites. For nitroarene hydrogenation,
the catalysts developed were based on Pt-Ag, Pt-Au, Pt-Bi, Pt-Co, Pt-Cu, Pt-Fe, Pt-Pd, PtSn, Pt-Ti, and Pt-Zn.[36] Similarly to the industrially-applied Pt-Pb and Pt-V catalysts, the
modifier increases the rate of phenylhydroxylamine hydrogenation. The content of modifier is
generally low (modifier:Pd < 1).
Although Pd and Pt remain the most used active phases for selective hydrogenations,
researchers have also investigated the activity and selectivity of less conventional metals,
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such as Au,[28] Cu,[57] Ni,[58] and Fe.[59] In some cases, the low reactivity of these metals
has been compensated by the incorporation of other metals. Among the excellent examples
available in the literature, Studt et al.[60] performed a theoretical screening on a broad space
of alloys and, aided by scaling relationships, discovered new selective ethyne hydrogenation
catalysts (Ni-Zn, Ni-Ga). Armbrüster et al.[61] prepared a stable Al-Fe catalyst for ethyne
hydrogenation that showed high selectivity (92%) and stability for more than 10 h. Bridier
and Pérez-Ramírez designed an intermetallic Cu-Ni-Fe catalysts that showed full selectivity
in propyne hydrogenation.[62] In situ X-ray absorption spectroscopy experiments demonstrated
that Ni enhances the surface coverage of H and the reducibility of Fe and Cu, producing
a well-distributed Cu surface and hindering the catalyst re-oxidation that would favor Fe
segregation.[63] For nitroarene hydrogenation, Cárdenas-Lizana reported 100% selectivity in the
hydrogenation of chloronitroanilines over Pd-Au and Pd-Zn catalysts, respectively.[64,65] Corma
et al.[66] achieved up 99% selectivity for the hydrogenation of nitrostyrene over a bifunctional
Au-Fe2 O3 catalyst.
Hybrid nanomaterials for hydrogenations have been prepared via wet chemistry and
electrochemical routes.[67] In the first case, an organic-soluble reducing agent (e.g., hydrazine,
boronhydride, or superhydrides such as LiB(C2 H2 )3 H) is mixed with a metal precursor in
the presence of a stabilizing agent. Upon stirring, colloidal metal nanoparticles are formed.
Alternatively, a sacrificial anode is dissolved in the presence of water and electric current. The
migration of the metal atom to the cathode creates metal nanoparticles that are stabilized by the
ligand in solution. The use of the stabilizer (e.g., donor ligand, polymer, dendrimer, surfactant,
etc.) enables the control of the growth of the nanoclusters, preventing metal agglomeration.
By tuning the concentration of the reducing agent, the type of metal precursor, and the
synthesis conditions, it has been possible to alter the size, shape, and exposed facet of the
nanoparticles.[67] Various works have described the reactivity of the prepared nanoparticles
in alkyne and nitroarene hydrogenation. In general, high activity and product selectivity can
be obtained at very mild conditions, independently of the stabilizer applied. Despite the great
versatility of these synthetic approaches, the industrial scale up and exploitation of the resulting
colloidal nanomaterials is hampered by several disadvantages, including the need for low-boiling
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pointing organic solvents and the addition of expensive or toxic organic reductants.[68]
Research on liquid-phase hydrogenation catalysis has been often conducted using batch
reactors. From an engineering standpoint, the advantage of a batch reactor is the versatility
of the equipment, which is flexible to accommodate miscellaneous types of reactions during
different industrial campaigns. However, several drawbacks could be present, such as random
distribution of the catalyst particles, non-homogeneous flow patterns, thermal instabilities,
etc.[69] As a result, the extrapolation of kinetic data from the laboratory to the industrial scale
could be hampered. Through improvements in process control, continuous-flow methodologies
have the potential to play an integral role in providing more reliable results and revolutionizing
the chemical sector from an environmental, safety, and economic perspective.[70,71] Besides,
it has been recently demonstrated that 50% of the industrial reactions performed in the
pharmaceutical and fine chemical industry (including the selective hydrogenation of alkynes
and nitroarenes) would benefit from a continuous operation, due to the improved mass and
heat transfer and shorter reaction times, leading to a high space-time yield, energy saving, and
safety.[72]
Since 2007, the group of Prof. Dr. Javier Pérez-Ramírez has been working in the field
of continuous-flow alkyne hydrogenation, with main focus on the assessment of the dynamic
nature of Pd and development of Au, Ni, and Cu-based catalysts. Based on the long-standing
experience, this thesis explores new possibilities in catalyst design and extends the research to
the flow hydrogenation of nitroarenes.

1.6. Aim of the Thesis
The primary goal of this work is to gain a fundamental understanding of the rules to
design selective catalysts for gas and liquid-phase hydrogenations. Besides, the key function
of flow chemistry and theory in hydrogenation research is emphasized. New nanostructured
catalysts are designed following different synthetic methodologies. The combination of advanced
characterization methods, catalytic tests, and theoretical calculations enables the derivation of
kinetic fingerprints and structure-performance relationships of the materials. These aspects
pave the way for the design of a stable single-site catalyst for hydrogenations. This material
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is the first of a potential family of catalysts still awaiting discovery, which are expected to
become novel, atom-efficient catalytic formulations in reactions (hydrogenations) characterized
for many years by low active phase utilization and use of toxic poisons.

1.7. Outline of the Thesis
The results of this thesis are presented in seven chapters (Chapters 2-8), followed by the
Conclusions and Outlook (Chapter 9).
The design and reactivity of catalysts based on unconventional metals displaying limited
H2 splitting abilities is a research direction often neglected in hydrogenation catalysis. However,
it is well known that tailored nanoparticles of these metals, featuring well-defined surface
defects, could exhibit catalytic properties unobservable over bulk materials, including improved
hydrogenation abilities. Chapter 2 addresses this lack of knowledge, demonstrating the highly
selective character of tailored silver nanoparticles in gas-phase propyne hydrogenation. The
peculiar kinetic fingerprints of silver, which are determined though catalytic tests in flow mode,
deviate from those of conventional hydrogenation metals such as Pd and Ni, questioning the
applicability of the classical Horiuti-Polanyi mechanism. Density Functional Theory (DFT)
calculations, microkinetic analysis, and atomistic Wulff modeling demonstrate the occurrence of
an alternative reaction mechanism, featuring the activation of H2 on the adsorbed hydrocarbon,
and not at the metal surface.
In the search for other less conventional active phases, Chapter 3 reports the outstanding
performance of a pure metal oxide (CeO2 ) in ethyne hydrogenation. Catalytic tests at different
temperatures and reactants ratio reveal an ethene selectivity of ca. 80% at high activity
levels and hint at the crucial role of hydrogen dissociation in the reaction. DFT and infrared
spectroscopy indicate that the ability of ceria to activate hydrogen and stabilize reactive
radicals, the large energy barriers for the over-hydrogenation steps, and the isolation of the
active sites, preventing oligomerization, account for this behavior. The structure sensitivity of
the reaction is also investigated using model ceria nanocatalysts with defined morphologies.
Despite the selective character of ceria in alkyne semi-hydrogenation, a high operating
temperature is required for the reaction due to its limited H2 splitting ability. This aspect
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could hamper the practical exploitation of this abundant oxide. Chapter 4 demonstrates
that gallium or indium doping can promote the activity of CeO2 , enabling a reduction of
the operating temperature to 373 K, while maintaining an outstanding ethene and propene
selectivity (80-97%), even in the presence of excess alkene in the feed. Theoretical calculations
and infrared spectroscopic studies reveal that the progressive incorporation of gallium into
the ceria structure boosts the oxygen storage capacity and the reducibility of the material,
facilitating the H2 activation step.
Chapter 5 extrapolates the use of silver, gold, and ceria catalysts to the liquid-phase
hydrogenation of functionalized acetylenic compounds. Compared to the state-of-the-art PdPb catalysts, the new materials are highly selective and do not require modifiers. However, the
high temperatures and pressures for the reaction restrict the applicability of these catalysts in
the production of pharmaceuticals and fine chemicals.
Based on this growing experience, Chapter 6 focuses on Pd-based systems and compares
the structure and reactivity of a novel family of ligand-modified palladium nanocatalysts with
bare and Pb-poisoned Pd, in the liquid-phase continuous hydrogenation of alkynes. The ligandmodified materials outperform the traditional catalysts, despite the ten-fold lower palladium
content. Distinctions in the catalytic performance are correlated with the relative accessibility
of the active site to the organic substrate and with the specific adsorption configuration and
strength.
Chapter 7 extends the acquired knowledge to the flow hydrogenation of functionalized
nitroaromatics. Also in this case, kinetic tests conducted in a flow reactor at variable
temperature and pressure reveal the superior activity of Pt-HHDMA (HHDMA: hexadecyl(2hydroxyethyl)dimethylammonium dihydrogen phosphate) in comparison with the archetypal
and industrially-relevant Lindlar-type Pt-Pb/CaCO3 , with outstanding chemoselectivity and
leaching resistance. The analysis of the reaction mechanism by DFT shows that the benefits
of the ligand-modified catalyst arise from the facilitated H2 activation and weak nitroarene
adsorption on the HHDMA-modified surface. At the same time, the ligand isolates the platinum
ensemble, reducing the possibility of unselective routes by controlling the adsorption geometry
and extent of the reactant and product intermediates.
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Overall, Chapters 2-7 demonstrate that a high product selectivity in hydrogenation
catalysis can be obtained by tailoring and isolating the ensemble where the reaction takes
place. Engineering the optimal ensemble that is able to activate hydrogen and interact with the
reactants would offer unrivalled opportunities in the search for sustainable catalytic formations.
In this context, Chapter 8 reports the preparation and hydrogenation performance of a singlesite palladium catalyst that is obtained by anchoring Pd atoms into the cavities of carbon
nitride, a mesoporous material with unique textural and electronic properties. The catalyst
shows higher activity and product selectivity in comparison with benchmark catalysts based
on nanoparticles. DFT calculations provide fundamental insights into the material structure
and attribute the high catalyst activity and selectivity to the facile hydrogen activation and
hydrocarbon adsorption on atomically dispersed Pd sites.
Chapter 9 summarizes the key results of the research introduced throughout the thesis,
elaborates on the strategies for the design of ultraselective hydrogenation catalysts, and
identifies the challenges ahead.

Each chapter of this thesis was written based on one or more separate publications and can be
read independently. Accordingly, some overlap between the chapter introductions may occur.

Chapter 2
Structure and Performance of Silver Catalysts
in Propyne Hydrogenation
2.1. Introduction
The selective hydrogenation of targeted functional groups over heterogeneous catalysts is one of
the most studied families of reactions in catalysis and plays a central role in multiple industrial
sectors.[2,6] One example is the Pd-catalyzed partial hydrogenation of unsaturated hydrocarbons
in the gas or liquid phase, comprising a crucial step for the purification of olefin streams and for
the manufacture of fine chemicals.[14] The practical relevance of these processes has led to intense
efforts to improve the fundamental understanding of the reaction, and many catalytic systems
have been studied with the purpose of maximizing the alkene selectivity.[29,30,46,50,53,60,61,73,74] The
prototypical mechanism describing the heterogeneously-catalyzed hydrogenation of unsaturated
hydrocarbons, referred to as the Horiuti-Polanyi (HP) scheme, involves the dissociation of
molecular H2 on the metal surface followed by the addition of H atoms to the adsorbed organic
moiety.[25] Originally proposed for the hydrogenation of ethene and benzene over nickel, this
scheme was extended to alkynes and dienes over Pd and Ni,[29] and served as a guide for
understanding double-bond isomerization and deuterium scrambling.[75] The HP scheme has
been also applied to metals with limited H2 splitting ability, as shown for propyne hydrogenation
over gold and copper nanoparticles.[29] Over these metals, the dissociation of H2 is improved at
steps and kinks due to electronic and geometric effects.[29,76] This minimizes over-hydrogenation
reactions, leading to a remarkable olefin yield.
Among the metals, silver shows the lowest reactivity towards H2 ;[77–79] its dissociation
features large activation barriers even at low-coordinated surface sites.[80] Nevertheless, Sárkány
and Révay studied the hydrogenation of ethyne over SiO2 and TiO2 -supported Ag nanoparticles
(4-8 nm), reporting full selectivity to ethene at a low degree of ethyne conversion (3-13%).[81]
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Although the work demonstrated the highly selective character of Ag, no mechanistic and
kinetic understanding exists thus far and the difficulty to dissociate H2 on silver questions the
validity of the HP scheme.
An alternative mechanism, encountered in organometallic chemistry, homogeneous
catalysis, and ‘ship-in-a-bottle’ nanostructures, involves the cleavage of the H-H bond by direct
activation of molecular hydrogen on the adsorbed hydrocarbon-metal complex; this mechanism
is herein referred to as associative mechanism.[82,83] In heterogeneous catalysis, this scheme was
speculated for the hydrogenation of norbornadiene and protoadamantanone over Au/SiO2 ,[84]
but no supporting evidence was provided. The very weak interaction between H2 and Ag justifies
a detailed mechanistic and kinetic analysis on this alternative pathway.
Herein, we study the partial hydrogenation of propyne to propene over supported silver
nanoparticles with variable particle size (2-20 nm), attained by modification of different
preparation variables. Olefin production over the catalysts is favored (up to 93% selectivity),
even at a high degree of alkyne conversion. By combining a large set of systematic steady-state
catalytic tests over well-characterized samples, DFT calculations, and microkinetic analyses,
we demonstrate that H2 splitting on the alkyne adsorbate is the key elementary step of the
selective hydrogenation of alkyne on silver. Particularly, the activity is maximal for Ag-particle
size of ca. 4.5 nm, correlating with the highest amount of B5 sites on such particles evaluated
through an atomistic Wulff construction. The establishment of this pathway provides new views
on hydrogenation mechanisms over metal surfaces beyond the traditional dissociative pathway
proposed by Horiuti and Polanyi nearly 80 years ago.

2.2. Experimental
2.2.1. Catalyst Preparation
Commercial SiO2 (Evonik, 99.8%), γ-Al2 O3 (Merck, 99%), and TiO2 -anatase (Sigma-Aldrich,
99.7%) carriers were used as received. Supported catalysts with a nominal Ag loading of 0.55 wt.% were prepared by using AgNO3 (Sigma-Aldrich, 99.9%) as the silver precursor. The spray
deposition (SD) method was carried out in a Büchi Mini Spray Dryer B-290 equipped with a
two-fluid nozzle of 1.4 mm in diameter. This technique, pioneered by Yara International,[85]
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allows the deposition of metal (oxide) particles with high degree of dispersion. In fact, the
confined growth and instant drying during the synthesis enable to control the particle size,
avoiding undesired agglomeration and dispersion of the metal species during the crystallization
on the support.[85] Silver nitrate (0.02-0.2 g) was dissolved in 20 cm3 of deionized water under
magnetic stirring at room temperature, followed by addition of the support (2 g). The resulting
suspension was pumped at 3 cm3 min−1 into the two-fluid nozzle, together with a spray air
flow of 0.5 m3 h−1 , creating droplets of 20-30 µm. The inlet temperature was set at 493 K,
the aspiration rate at 35 m3 h−1 , and the outlet temperature at 383 K. The dried particles
were separated using a cyclone. The impregnation method was carried out by dissolving silver
nitrate (0.014 g) in 1.5 cm3 of deionized water, and adding the solution to 1.1 g of SiO2 . The
paste was dried under freezing and conventional conditions. Freeze drying (FD) was carried out
in a Labconco FreeZone Plus 2.5 L cascade benchtop freeze dry system at 40 K and 0.02 bar.
Conventional drying (CD) was performed in a Schlenk line at 393 K, 10−6 bar, and under
0.50 cm3 min−1 of dry air. The samples were activated in static air (at 573 K for 2 h) or by
flowing (42 cm3 min−1 ) He, 1 vol.% NO/Ar, 5 vol.% O2 /He, 5 vol.% H2 /He (at 473 K for 0.5 h).
In all cases, the ramp rate was 5 K min−1 . The flow treatments were carried out in situ.
2.2.2. Catalyst Characterization
The silver content in the solids was determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) on a Horiba Ultra 2 instrument equipped with photomultiplier tube
detection. Powder X-ray diffraction (XRD) patterns were acquired in a PANalytical X’Pert
PRO-MPD diffractometer equipped with Bragg-Brentano geometry and Ni-filtered Cu Kα
radiation (λ = 0.1541 nm). Data were recorded in the 2θ range of 3-60◦ , with an angular
step size of 0.05◦ and a counting time of 0.75 s per step. Transmission electron microscopy
(TEM) was performed using a Philips CM12 microscope operated at 100 kV. The Ag catalysts
were analyzed in their powdered form. The particle size distribution was estimated directly
from the TEM micrographs, assuming a Gaussian behavior. The silver dispersion, D, defined
as the percentage of surface silver out of the total silver, was calculated from the TEM particle
size distribution assuming the absence of a silver oxide shell and considering the particles as
truncated octahedrons with cubic symmetry.[86] Nitrogen isotherms at 77 K were measured in a

16

Chapter 2

Quantachrome Quadrasorb-SI analyzer. Prior to the measurement, the samples were degassed
in vacuum at 473 K for 2 h. Thermogravimetric analysis (TGA) of the catalyst after propyne
hydrogenation was performed in a Mettler Toledo TGA/DSC 1 Star system under 40 cm3 min−1
of air, ramping the temperature from 298 to 1173 K at 10 K min−1 .
2.2.3. Catalyst Evaluation
The gas-phase hydrogenation of propyne was studied at ambient pressure in a continuousflow fixed-bed micro-reactor (12 mm i.d.) using 0.2 g of catalyst (particle size = 0.2-0.4 mm).
Catalyst screening was conducted at different temperature (373-523 K) and H2 :C3 H4 ratio (525), keeping the contact time at τ = 1 s. For this purpose, the partial H2 pressure was varied in
the range of 125-625 mbar with a fixed partial C3 H4 pressure of 25 mbar and using He as the
balance gas. To evaluate the formal kinetic dependence of the reaction rate on the reactants, the
p(C3 H4 ) was varied in the range of 25-125 mbar (keeping p(H2 ) = 625 mbar), and the p(H2 ) was
varied in the range of 125-625 mbar (keeping p(C3 H4 ) = 25 mbar), at T = 473 K and τ = 0.3 s.
Under these conditions, propyne conversion was <20%. All the catalytic data were measured
in steady state and the performance was stable during at least 5 h on stream. Tests with
different sieve fractions in the particle size range of 0.15-0.6 mm and different total volumetric
flows (3-84 cm3 min−1 ) at constant τ = 1 s were conducted to discard internal and external
mass-transport limitations. The temperature gradients along the bed were <5 K, enabling
quasi-isothermal operation. The composition of the gas at the reactor outlet was analyzed by
an on-line gas chromatograph (Agilent GC7890A) equipped with a GS-GasPro column and a
flame ionization detector. The conversion of propyne, X (C3 H4 ), was determined as the amount
of reacted alkyne divided by the amount of alkyne at the reactor inlet. The selectivity to propene
(S (C3 H6 )) and propane (S (C3 H8 )) was calculated as the quantity of product formed divided
by the amount of converted alkyne. The selectivity to oligomers, Cm Hn , was obtained through
the carbon balance, considering that S (Cm Hn ) = 100 – S (C3 H6 ) – S (C3 H8 ). It is reasonable to
assume that all missing carbon in the balance comprises oligomers. In fact, thermogravimetric
analyses of the catalysts after propyne hydrogenation enabled to close the carbon balance to
97 wt.% and the TEM micrograph of these samples did not reveal the presence of coke deposits
(Figure A.1, Appendix A).
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2.3. Computational Details
Density Functional Theory calculations based on slabs were performed with the Vienna Abinitio Simulation Package,[87] using the revised Perdew-Burke-Ernzerhof (RPBE) functional.[88]
To account for dispersion interactions, the Grimme-based correction was employed.[89–91] This
approach ensures a correct treatment of the gas-phase reference while including dispersion
contributions. Core electrons were replaced by projector-augmented wave pseudo-potentials,[92]
while valence electrons were expanded in plane waves with a kinetic cutoff energy of 400 eV.
As the planar Ag(111) surface does not interact with reactants, a stepped (211) facet was
employed to represent the active sites of the Ag nanoparticles. The slab contained nine metal
layers, in a p(2×1) supercell for the adsorption of the individual molecules, and in a p(4×1)
supercell when assessing hydrogenation and oligomerization paths. In all cases, the active site
was surrounded by empty positions, thus avoiding lateral interactions. The k-point sampling
was derived from the Monkhorst-Pack scheme.[93] Transition states were located through the
climbing-image version of the nudged elastic band algorithm.[94] Vibrational analysis of the
potential transition state structures was performed to fully characterize the saddle points. For
this reason, the numerical Hessian matrix, obtained with displacements of 0.02 Å for each
degree of freedom, was diagonalized to obtain the corresponding eigenvalues and eigenmodes,
showing a single imaginary frequency.
The rate of the elementary steps was determined by multiplying the coverage of reactants
by the corresponding rate coefficient, k (s−1 ), which was computed according to the transition
state theory of Eyring, Evans, and Polanyi:
Ea
k = k0 exp −
kB T




Ea
≈ 10 exp −
kB T
13





(2.1)

in which k 0 is the preexponential factor, taken as 1013 for all the reactions on the surface, E a is
the zero-point vibration energy-corrected activation energy, k B is the Boltzmann constant, and
T is the temperature. The rate of the adsorption steps (A1, A2 and D1, D2) was calculated
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using the Hertz-Knudsen equation:
p(i)θ (∗)
rads = q
Acat
2πm(i)kB T

(2.2)

in which p(i) and m(i) are the partial pressure and the mass of the gas-phase species i,
respectively, and Acat is the area of one free active site. Site balances were employed to ensure
that the number of sites on a catalyst is constant and, hence, all coverages add up to unity. A
microkinetic fitting was performed using a plug-flow reactor model. This is reasonable since the
Péclet number, defined as the ratio between the rates of axial advection and radial diffusion,
was always >20.
By using the atomistic Wulff method, we constructed structural models for the equilibrium
shape of small and large silver nanoparticles. The Wulff construction is based on the simple
geometrical criterion that, under thermodynamic equilibrium, a given quantity of matter will
attain a shape that minimizes the total surface energy of the system, which is the shape where
the distance of each face from the center is proportional to the surface tension of the respective
surface. The original version of the model is continuous and size independent. Therefore, the
method might indicate the formation of highly active surfaces for structures that have less
space to generate a particular open facet. The atomistic version of the Wulff construction[95–97]
mitigates this problem as it also requires that the enclosed volume fits the individual Ag atoms.
This approach has been employed successfully in the past to predict the equilibrium shape of
Ru[95] and Au[96,97] nanoparticles interacting with their surroundings.

2.4. Results and Discussion
2.4.1. Catalyst Characterization
Table 2.1 collects characterization data of selected Ag-based catalysts. As expected, the
silver content in the samples matches the nominal loading and the total surface area of the
catalysts after deposition of 0.5-5 wt.% Ag is very close to that of the corresponding support.
Transmission electron microscopy was used to assess the distribution of Ag nanoparticles
and to estimate an average value of metal dispersion. Figure 2.1 shows representative TEM
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Table 2.1. Characterization data of selected catalysts.
Catalyst
0.5 wt.% Ag/SiO2
1 wt.% Ag/SiO2

5 wt.% Ag/SiO2
1 wt.% Ag/SiO2
1 wt.% Ag/SiO2

Methoda

Activation

Ag contentb
(wt.%)

S BET
(m2 g−1 )

d Ag d
(nm)

Dd
(%)

SD
SD
SD
FD
CD
SD
SD
SD

H2 flow
static air
H2 flow
H2 flow
H2 flow
H2 flow
H2 flow
H2 flow

0.5
1.3
1.3
1.0
1.0
4.9
0.9
1.1

199 (197)c
196
196
198
195
186
79 (81)
28 (32)

—
21.3
4.4
2.0
4.6
6.2
2.3
2.8

—
5
17
75
24
14
49
45

a

CD: impregnation followed by conventional drying; FD: impregnation followed by
freeze drying; SD: spray deposition. b Metal content, inductively coupled plasma optical
emission spectrometry. c BET surface area of the carriers between brackets. d Average
metal particle size, d particle , and metal dispersion, D, transmission electron microscopy.

micrographs of exemplary 1 wt.% Ag/SiO2 catalysts exhibiting different silver dispersion as
a consequence of the activation procedure after spray deposition of the silver precursor on
the carrier. Calcination in static air leads to a large average particle size of ca. 20 nm (Ag
dispersion = 5%) in contrast to the much smaller particles of 4.4 nm (Ag dispersion = 17%)
when the same spray-deposited catalyst was activated in flowing H2 . Average particle size and
degree of metal dispersion of the remaining catalysts are included in Table 2.1. Impregnation
of 1 wt.% Ag on silica followed by conventional drying and activation in flowing H2 originates
a catalyst with Ag dispersion amounting to 24% and an average Ag particle size of 4.6 nm.
The higher dispersion value over the impregnated sample compared to the spray-deposited
one is associated with the more uniform size distribution of the silver nanoparticles in the

Figure 2.1. Transmission electron micrographs and particle size distributions of two representative
1 wt.% Ag/SiO2 catalysts with different Ag dispersion. The catalysts were prepared by the spray
deposition method followed by (a) activation in H2 flow at 473 K for 0.5 h and (b) calcination in static
air at 573 K for 2 h. The 20 nm scale bar applies to all micrographs.
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former sample. The smallest Ag particles averaging 2 nm and thus exhibiting the highest
dispersion (75%) were attained in the 1 wt.% Ag/SiO2 catalyst prepared by impregnation
followed by freeze drying and H2 flow activation. In fact, the rapid cooling of the precursor
phase during freeze drying reduces the mobility of the liquid, minimizes particle segregation,
and often provides a homogeneous powder of fairly uniform particle size.[98,99] 1 wt.% Ag/Al2 O3
and 1 wt.% Ag/TiO2 obtained by spray deposition and activated in flowing H2 also feature
highly dispersed nanoparticles centered at 2.3 and 2.8 nm, respectively. The Ag loading slightly
affects the dispersion: in fact, the mean Ag diameter increases from 4.4 to 6.2 nm when the silver
content increases from 1 to 5 wt.% over the Ag/SiO2 prepared by spray deposition and activated
in H2 flow. Consequently, it can be concluded that the stabilization of small silver nanoparticles
in the carriers requires rapid drying and flow activation conditions, while the nature of the
support, the Ag loading, and the deposition method play a secondary role. It is important to
stress that systematic characterization of the catalysts after the hydrogenation tests enabled
to conclude that the silver loading, catalyst textural properties, and silver dispersion were not
altered by the reaction (Figure A.1).
2.4.2. Propyne Hydrogenation
The influence of temperature (373-573 K) and H2 :C3 H4 ratio (5-25) on the propyne
hydrogenation performance was investigated over two representative Ag-based catalysts
featuring different particle size. In particular, Figures 2.2a and b show the effect of temperature
and H2 :C3 H4 ratio over 1 wt.% Ag/SiO2 prepared by spray deposition and activated in H2
flow, while Figures 2.2c and d refer to the SiO2 -supported 1 wt.% catalyst prepared by spray
deposition and calcined in static air. Both the materials show an increase in propyne conversion
with the increased temperature. The selectivity to propene is practically unchanged (ca. 90%)
up to 473 K, and the selectivity to the undesired products (propane and oligomers) does not
exceed 10%. Higher temperatures favor C-C coupling reactions, at the expense of the lower
alkene selectivity. Regarding the influence of the reactants ratio, upon increasing the inlet
partial H2 pressure, the conversion of propyne increases quasi-linearly; also the selectivity to
propene increases, suggesting that hydrogen activation is the rate-limiting step of the reaction.
The selectivity of propane is drastically low (<5%), even at H2 :C3 H4 = 25, and oligomers are
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Figure 2.2. Propyne hydrogenation performance versus temperature (at H2 :C3 H4 = 25; left) and
H2 :C3 H4 ratio (at T = 473 K; right) over 1 wt.% Ag/SiO2 prepared by spray deposition followed by
(a,b) activation in H2 flow at 473 K for 0.5 h and (c,d) calcination in static air at 573 K for 2 h. Other
conditions: τ = 1 s and P = 1 bar.

produced at the lowest hydrogen-to-hydrocarbon ratios and higher conversions (Figure A.2).
Despite the different Ag dispersions in the two catalysts, the selectivity patterns are strictly
analogous; on the other hand, the catalyst calcined in static air (Figures 2.2c,d) shows a
significantly low propyne conversion, as a consequence of its larger (and less active) Ag particles.
All remaining catalysts were tested at T = 473 K and H2 :C3 H4 = 25; Table 2.2 summarizes
the influence of different preparation variables on the catalytic performance. The conversion of
propyne increases with an increased Ag content, reaching >90% at 1 wt.% Ag. The plateau at
higher loadings is due to the formation of larger Ag particles which expose a minor number of
surface atoms responsible for the catalytic process. The selectivity to propene is remarkably
high (>90%) regardless of the particle size, and the selectivity to propane and oligomers is
<10% in all catalysts. The activation condition during preparation also affects the catalyst
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Table 2.2. Influence of different preparation variables on the performance of
supported Ag catalysts in propyne hydrogenation.a
Method

Activation

X (C3 H4 )
(%)

S(C3 H6 )
(%)

S(C3 H8 )
(%)

S(Cm Hn )
(%)

SD
SD
SD

H2 flow
H2 flow
H2 flow

68
92
90

91
93
91

1
3
4

8
4
5

Deposition and activation method
1 wt.% Ag/SiO2
SD
static air
SD
He flow
SD
NO flow
SD
O2 flow
SD
H2 flow
FD
static air
FD
He flow
FD
NO flow
FD
O2 flow
FD
H2 flow
CD
H2 flow

31
82
81
87
92
41
79
74
76
70
89

91
86
99
84
93
93
89
87
86
91
90

6
8
0
8
3
3
5
6
8
5
8

3
6
1
8
4
4
6
7
6
4
2

Support
1 wt.% Ag/SiO2
1 wt.% Ag/Al2 O3
1 wt.% Ag/TiO2

92
58
70

93
91
87

3
6
7

4
3
6

Catalyst
Ag loading
0.5 wt.% Ag/SiO2
1 wt.% Ag/SiO2
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performance. The increased Ag particle size upon calcination in static air leads to low alkyne
conversion (31%), at a degree of alkene selectivity of 91%. On the other hand, the small and
highly dispersed Ag nanoparticles after activation in a flow result in high propyne conversions
(81-92%), at similar levels of propene selectivity (84-99%). The specific activation atmosphere
(He, NO, O2 , or H2 ) has a relatively minor role on the performance, as long as the treatment
is executed under flow conditions. Varying the carrier, the Al2 O3 or TiO2 -supported catalysts
display low propyne conversions (58-70%), probably due to the extremely small Ag nanoparticles
(2.3-2.8 nm), less active in propyne hydrogenation (vide infra). Many other factors including
strong metal-support interactions (Ag on TiO2 ), sintering, and formation of potentially-inactive
silver aluminate/titanate can also be involved in the loss of activity, but such investigation is
beyond the scope of this contribution.
Figure 2.3 displays the reaction rate and propene selectivity versus the average Ag particle
diameter. The selectivity to propene is size independent, being constant at ca. 90%. No
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Figure 2.3. Rate of propene production (solid symbols) and selectivity to propene (open symbols) as
a function of the average Ag particle size in the supported catalysts containing 1 wt.% Ag. conditions:
T = 473 K, H2 :C3 H4 = 25, τ = 1 s, and P = 1 bar.

marked selectivity differences are observed over the broad range of conversions (20-90%),
emphasizing the extremely selective character of silver in propyne hydrogenation. The rate
of olefin production per mole of total silver reached a maximum for the catalyst with 4.5 nm
particles (this important point is further elaborated below). Note that the same catalysts were
tested at three times lower contact times to decrease the degree of conversion and the volcanodependence was analogous, demonstrating the kinetic relevance of the results independent on

Figure 2.4. Arrhenius plot for propyne hydrogenation at H2 :C3 H4 = 25, τ = 1 s, and P = 1 bar
(a). Normalized reaction rate as a function of the inlet partial pressure of H2 (b) and the inlet partial
pressure of C3 H4 (c) at T = 473 K, τ = 0.3 s, and P = 1 bar. Solid circles correspond to 1 wt.%
Ag/SiO2 prepared by spray deposition followed by activation in H2 flow at 473 K for 0.5 h; open
squares correspond to 1 wt.% Ag/SiO2 prepared by spray deposition followed by calcination in static
air at 573 K for 2 h.
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conducting the tests under more integral or differential conditions. The apparent activation
energy and reaction orders were determined over SiO2 -supported silver nanoparticles with
variable size in order to understand if these kinetic parameters are particle size dependent.
Results for the catalysts having 4.4 (Figure 2.1a) and 21 nm (Figure 2.1b) as average silver
particle size are shown in Figure 2.4. The apparent activation energy for propyne hydrogenation
is ca. 30 kJ mol−1 (Figure 2.4a) and is independent of the silver particle size. This value
is significantly lower than what has been generally reported for Pd, Pt, Cu, and Ni (5070 kJ mol−1 ).[16,100,101] Figure 2.4b shows that upon increasing the partial H2 pressure, the
normalized reaction rate increases over catalysts with extremely different Ag particles, with an
order in H2 between 0 and 1. For highly active metals such as Pd, Pt, and Ni, the order in H2 is
generally >1.[16,100,101] Upon increasing the partial pressures of propyne, the reaction rate rises
(Figure 2.4c), leading to a positive order in C3 H4 in the range of 0-0.3. The positive dependence
of the reaction rate on the partial alkyne pressure is unusual in the partial hydrogenation of
alkynes, for which negative values are generally attained.[16,100,101]
2.4.3. Hydrogenation Mechanism
To obtain a molecular-level understanding of this atypical behavior, periodic DFT calculations
were performed. The two possible reaction pathways comprising the activation of hydrogen
on the metal surface (Horiuti-Polanyi or dissociative mechanism) and on the adsorbed alkyne
(associative mechanism) were compared (Figure 2.5a and Table A.1, Appendix A). At steps
and kinks, the elementary steps of the dissociative hydrogenation mechanism are as follows:

C3 H4 + ∗  C3 H4 ∗

(D1)

H2 + ∗ +   H∗ +H

(D2)

C3 H4 ∗ +H∗  C3 H5 ∗ + ∗

(D3)

C3 H5 ∗ +H∗  C3 H6 ∗ + ∗

(D4)

C3 H6 ∗  C3 H6 + ∗

(D5)

C3 H6 ∗ +H∗  C3 H7 ∗ + ∗

(D6)

H + ∗  H∗ + 

(D7)
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Figure 2.5. Energy profiles for the hydrogenation of propyne on Ag(211) (a). Lateral view of the
stepped Ag(211) surface and transition state for H2 activation based on the (b) dissociative and
(c) associative mechanisms. Color codes: Ag (blue), C (black), and H (white).

The two active sites identified are on the edge of the step (∗ ) and on the lower terrace
( ). The adsorption of propyne (D1) is slightly exothermic (by –0.17 eV) on step sites, and
is less favored (–0.05 eV) on flat surfaces. Therefore, propyne adsorbs more strongly on lowcoordinated surface sites. Considering the similar adsorption energies of propyne (–0.17 eV)
and propene (–0.14 eV), the preferential adsorption of alkynes and lack of adsorption of
alkenes (thermodynamic selectivity)[60] cannot be invoked to explain the high propene selectivity
observed experimentally. Thus, a sizeable kinetic barrier hindering the over-hydrogenation
reaction of the olefin is expected. The dissociation of H2 (D2, Figure 2.5b) occurs at the steps of
the Ag(211) surface and leads to two adsorbed H atoms, one at the edge and the other one on the
lower surface of the step. The splitting is endothermic (+0.53 eV) and has a barrier of 1.33 eV.
This barrier reduces to 1.06 eV upon introduction of the zero point vibration energy (ZPVE)
contributions, required considering the small mass of hydrogen. This large barrier suggests that
H2 splitting is the rate-limiting step of this scheme. It is noteworthy that this value is much
higher than that for Au clusters (0.84 eV)[29] and Cu(211) (0.50 eV). The transfer of the first H
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(D3) to the adsorbed alkyne, forming an alkenyl surface species, is endothermic (+0.44 eV) and
has an energy barrier of 0.88 eV, while the second H-transfer (D4) leading to the formation of
the adsorbed propene is highly exothermic (–2.82 eV), with a barrier of 0.37 eV. The adsorbed
propene sits parallel to the surface and can easily desorb (D5) with an energy of only 0.14 eV.
The over-hydrogenation reaction (D6) is marginally exothermic (–0.19 eV), but it is hindered
by a large barrier of 1.01 eV so that propene desorption is preferred.
The elementary steps of the associative mechanism are:

C3 H4 + ∗  C3 H4 ∗

(A1)

C3 H4 ∗ +H2  C3 H4 :H2 ∗

(A2)

C3 H4 :H2 ∗ +   C3 H5 ∗ +H

(A3)

C3 H5 ∗ +H∗  C3 H6 ∗ + ∗

(A4)

C3 H6 ∗  C3 H6 + ∗

(A5)

C3 H6 ∗ +H2  C3 H6 :H2 ∗

(A6)

C3 H6 :H2 ∗ +   C3 H7 ∗ +H

(A7)

H + ∗  H∗ + 

(A8)

Co-adsorption of propyne (A1) and H2 (A2, Figure 2.5c) is almost isoenergetic with respect
to the individual reactants. The transition state involves a meta-stable intermediate (C3 H4 -HH-Ag complex) formed at the step edge of the Ag(211) surface. The H-H and C-H distances
are 0.927 Å and 1.453 Å, respectively, while the C-H-H and C-C-H angles are 173◦ and 140◦ ,
respectively. The Bader charges are 0.05|e| for the H atom in contact with the alkyne and
–0.25|e| for the one in contact with the Ag atoms of the lower terrace, thus evidencing the
polarization of the H-H bond observed in heterolytic splitting.[82,83] This reaction leads to
the formation of an alkenyl and an H-surface species sitting on the terrace (A3). This is an
exothermic (–0.43 eV) process associated with a barrier of 1.03 eV. Upon ZPVE correction,
the barrier decreases to 0.74 eV. Note that it is not possible to directly compare the calculated
value and the experimental one, since the apparent activation energy depends on the specific
set of reaction conditions.[102] However, the large energy required for this step confirms that
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H2 splitting is impeded on Ag, hence the hydrogenation requires a large excess of hydrogen
(H2 :C3 H4 = 25) to occur. The difference in the C3 H5 + H level between the associative and
dissociative mechanism is due to the corresponding configuration for each step; while in the
dissociative scheme, the H atoms in the top terrace, in the associative case the H is on the lower
terrace. The transfer of H to the alkenyl species leading to propene is both thermodynamically
(–1.00 eV) and kinetically (0.36 eV) highly favored. The formed propene is perpendicular to the
silver surface and desorbs isoenergetically. Regarding the over-hydrogenation reactions (A6-A7),
desorbed propene needs first to re-adsorb in a flat configuration. The new H2 bond breaking
(A6) is marginally exothermic (–0.04 eV). On the other hand, the H-addition forming C3 H7 ∗ is
highly endothermic (+0.98 eV) and hinders the production of propane. C-C coupling reactions
are also characterized by high energy barriers. In fact, the coupling of two propene molecules
(energy barrier of 0.51 eV) and two propyne molecules (energy barrier of 1.25 eV) are both
highly improbable. This explains the low degree of oligomerization over Ag.
Comparing the energy profiles in Figure 2.5a, the associative mechanism exhibits lower
activation barriers and no high-energy intermediates, making this process a much more efficient
hydrogenation pathway overall than the typical Horiuti-Polanyi mechanism encountered on Pd
and Ni.
2.4.4. Kinetic Analysis and Structural Aspects
By following the elementary steps (D1)-(D7) of the HP scheme, it is possible to derive the
mathematical expressions for the rate and the reaction orders. Particularly, assuming that H2
dissociation is the most feasible rate-limiting step, the initial rate of reaction and reaction orders
for hydrogen and propyne can be expressed as:

r ≈ k2 p (H2 ) θ (∗ ) θ( ) ≈

k2 p (H2 )
1 + K1 p (C3 H4 )

∂ ln r
=1
∂p(H2 )
K1 p(C3 H4 )
∂ ln r
n(C3 H4 ) = p(C3 H4 )
=
∂p(C3 H4 )
1 + K1 p(C3 H4 )
n(H2 ) = p(H2 )

The latter varies between 0 (when p(C3 H4 ) = 0) and –1 (when p(C3 H4 ) → ∞).

(2.3)
(2.4)
(2.5)
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Assuming the first hydrogen addition (D3) as the rate-limiting step of the Horiuti-Polanyi
scheme, the initial rate of reaction is expressed as:

r ≈ k3 θ(C3 H4 ∗ )θ(H∗ ) ≈

k3 K1 K2 p(C3 H4 )p(H2 )
(1 + K1 p(C3 H4 ) + K2 p(H2 ))2

(2.6)

In this case, the orders of reaction are written as:
1 + K1 p(C3 H4 ) − K2 p(H2 )
1 + K1 p(C3 H4 ) + K2 p(H2 )
1 − K1 p(C3 H4 ) + K2 p(H2 )
n(C3 H4 ) =
1 + K1 p(C3 H4 ) + K2 p(H2 )

(2.7)

n(H2 ) =

(2.8)

Thus, n(H2 ) = 1 and –1 = n(C3 H4 ) = 0. From these expressions, it is clear that the
Horiuti-Polanyi mechanism cannot account for the positive reaction orders in Figure 2.4.
By following the elementary steps (A1)-(A8) of the associative mechanism and considering
(A3) as the rate determining step, the initial rate of reaction for the associative mechanism and
relative reaction orders are expressed as:
k3 K1 K2 p(C3 H4 )p(H2 )
1 + K1 p(C3 H4 ) + K1 K2 p(C3 H4 )p(H2 )
1 + K1 p(C3 H4 )
n(H2 ) =
1 + K1 p(C3 H4 ) + K1 K2 p(C3 H4 )p(H2 )
1
n(C3 H4 ) =
1 + K1 p(C3 H4 ) + K1 K2 p(C3 H4 )p(H2 )
r ≈ k3 θ(C3 H4 :H2 ∗ )θ( ) ≈

(2.9)
(2.10)
(2.11)

Thus, the reaction orders are as follows: 0 = n(H2 ) = 1 and 0 = n(C3 H4 ) = 1. Contrarily
to the Horiuti-Polanyi scheme where H2 and C3 H4 compete for site adsorption and no positive
order for the hydrocarbon can be observed, the cooperative effects due to H2 cleavage on
the hydrocarbon are responsible for these positive dependences. The experimental data in
Figure 2.4 are in line with the micro-kinetic model derived from an associated reaction pathway,
supporting that propyne hydrogenation on silver occurs through direct H2 splitting on the
adsorbed propyne.
While DFT calculations in the previous subsection suggest that the reaction takes place at
step-like positions, which are highly concentrated on small nanoparticles, experimentally the
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activity of Ag is maximal at an average particle size of ca. 4.5 nm, whereas smaller nanoparticles
are less active (Figure 2.3). To rationalize this aspect, we have employed the atomistic Wulff
construction in order to model silver nanoparticles of different sizes and determine which sites
are active in propyne hydrogenation. The investigation has revealed the key role of B5 sites.
In a nanoparticle, B5 sites alleviate the stress in the formation of line defects between
two different faces. Two types of B5 structures can be identified over Ag: at the edge between
(111) and (211) faces, and within two (211) surfaces (Figure A.3a). The presence of B5 site is
identified by characteristic coordination numbers (z) of the Ag atoms around it. In fact, this
site is surrounded by two step-edge atoms (z = 7), two terrace atoms (z = 9), one bottom step
atom (z = 10), and two bulk atoms (z = 12).
By applying the atomistic Wulff construction, it was found that silver nanoparticles with a
core diameter smaller than 3 nm cannot accommodate any (211) faces. Therefore, they contain
no B5 sites, in agreement with the low activity measured in Figure 2.3. The smallest particle
having B5 sites is displayed in Figure A.3b and its average diameter, defined as the mean value
between the smallest and largest diameter of the particle, is 3 nm; this particle contains 4-atom
long B-type steps where 24 B5 atoms are located (Table A.2). Nevertheless, the presence of
5-fold Ag atoms (shown in red in Figure A.3c) might affect the concentration of these active
B5 sites since 5-fold atoms can easily dislocate and diffuse towards the lowest-energy sites,
destroying the particle shape. Figure A.3b shows a larger Ag cluster with 2875 atoms and a
diameter of 4.3 nm. This nanoparticle contains 5-atom long B-type steps where 48 B5 sites
are situated, and the smallest edge corresponds to two 6-fold atoms belonging to hexagonal
(111) and (110) faces. Compared to the structure previously discussed, this nanoparticle is
significantly more stable under conditions typically employed in the hydrogenation experiments.
As displayed in Table A.2, the highest density of B5 sites is obtained for particle sizes comprised
between 3.5 and 4.7 nm. Since B5-type structures on silver are step sites within the faces of the
nanoparticle, the density of active sites drops rather slowly for d Ag > 4.7 nm, without showing
the classical 1/d 2 decrease observed in other metal nanoparticles.
Employing the results in Table A.2 and the particle size distribution histograms of selected
Ag samples (Table 2.2, Figure A.4), it was possible to re-evaluate the data in Figure 2.3.
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Figure 2.6a shows that the rate of propene production increases as a function of the amount
of B5 sites, indicating the key function of B5 sites in the reaction. This result has been further
corroborated by fitting of the experimental results in Figure 2.4b. The Hertz-Knudsen equation
(eq. (2.2)) was employed to model the adsorption of hydrogen and propyne. From DFT, the
area of one free active site is 7.8×10−20 Å2 . However, the total surface energy is the average
between the number of these sites and the number of total surface atoms, and the total surface
that can be assigned to these sites is 10−18 Å2 . Obviously, this value does not account for the
real number of active sites. In fact, propyne adsorption is enhanced only at specific step-like
(B5) positions. Thus, from the ratio between the constants fitted experimentally (Figure 2.6b)
and the DFT values (Table A.3):

n(B5) =

K DFT
K exp

(2.12)

we can identify the amount of B5 sites that are located on this Ag catalyst (1 wt.% Ag/SiO2
prepared by spray deposition and activated in H2 flow, with d Ag = 4.4 nm). A B5 site density
of 228 mmol B5 g Ag−1 was obtained, in line with the data of the atomistic simulation.

Figure 2.6. (a) Rate of propene production as a function of the number of active B5 sites for
selected supported catalysts containing 1 wt.% Ag at T = 473 K, H2 :C3 H4 = 25, τ = 1 s, and
P = 1 bar. The line represents the fitting of experimental data obtained through linear regression
(equation: y = 0.004x + 0.452; correlation coefficient, R2 = 0.92). The inset shows a Wulff-shaped Ag
nanoparticle with a size of 4.3 nm and, in green, the location of the active B5 sites. (b) Microkinetic
fitting of the data shown in Figure 2.4.
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2.5. Conclusions
We have studied the gas-phase hydrogenation of propyne over supported silver nanoparticles
having average diameters in the range of 3-21 nm. The catalysts were intrinsically selective to
propene (ca. 90%) regardless of the particle size. Mechanistic and kinetic studies demonstrated
that the hydrogenation of propyne on silver follows an associative scheme, involving propyne
adsorption on step sites and heterolytic splitting of H2 on the adsorbed hydrocarbon. The
reaction rate presented a maximum over the catalysts with Ag particles of ca. 4.5 nm. As
shown by the atomistic version of the Wulff model, these nanoparticles possess the highest
density of B5-type sites, which are the active centers in the reaction. These findings broaden
the mechanistic views of hydrogenation reactions over solid catalysts, going beyond the classical
Horiuti-Polanyi, and open new directions in the understanding of other poor H2 -splitting
hydrogenation catalysts such as Au, Cu, and Fe-Al.

Chapter 3
Ceria as a Selective Catalyst
for Alkyne Hydrogenation
3.1. Introduction
In recent years, cerium(IV) oxide (ceria, CeO2 ) has attracted increasing interest in the fields
of medicine, electronics, and chemistry.[103–105] Its success in catalysis relates to the unique
redox and structural properties associated with oxygen diffusion and oxygen storage/release
capacity.[106–109] Because of these intrinsic features, the presence of CeO2 in combination with
noble metals (e.g., Pt and Rh) and other oxides (e.g., Al2 O3 ) leads to superior activity
and/or lifetime, like in the three-way catalyst for automotive emission control.[110,111] Additional
examples that boosted the use of ceria as a catalyst carrier are: (i) the water-gas-shift reaction
for H2 generation over La2 O3 -doped Au/CeO2 , (ii) the preferential oxidation of CO in H2 -rich
streams over Pt or Au/CeO2 , (iii) the combustion of alkanes over Cu-promoted CeO2 , and
(iv) the hydrogenation of different functional groups over CeO2 -supported Ni, Pd, Pt, and Au
catalysts.[112–118] Doped with Gd, Sm, or Au, ceria has been recently applied in the solar-driven
thermochemical dissociation of H2 O. Similarly, in the pyrolysis of glucose, the addition of CeO2
to ZSM-5 catalysts reduces coke formation and enhances the selectivity to acetaldehyde.[119–121]
Most of the times, ceria does not possess a stand-alone catalytic function, but it magnifies
the performance of the main active phase acting as a promoter, stabilizer, or co-catalyst. In
fact, the use of pure ceria in heterogeneous catalysis is sporadic and exclusive for oxidations.[122]
With respect to hydrogenation reactions, reduced metals are typically applied as active phases.[6]
Exceptionally, early studies reported that ZnO-MnO2 , V2 O5 -Al2 O3 , and Cr2 O3 are active for
the gas-phase hydrogenation of various substrates, such as acetonitrile, nitrobenzene, propene,
1-hexene, 1-octene, and butadiene,[4,123,124] although selectivity values were often not provided.
Density Functional Theory (DFT) calculations have concluded that H2 adsorbs dissociatively
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on CeO2 (111) with a relatively low activation barrier (0.2 eV) and strong exothermicity
(−2.82 eV),[125–127] providing hints of its potential catalytic function in hydrogenations. It is
known that CeO2 and other reducible oxides catalyze the liquid-phase hydrogenation of benzoic
acid to benzaldehyde,[128] but other functional groups have not been investigated.
Herein, we report for the first time the outstanding catalytic performance of CeO2 for
the gas-phase semi-hydrogenation of alkynes to olefins. This reaction, widely exploited for
the purification of olefin streams from steam crackers as well as for the manufacture of fine
chemicals, is conventionally carried out over promoted palladium-based catalysts.[27,29,30,46,50]
The catalytic function of polycrystalline CeO2 was rationalized through DFT to provide an
explanation of the selective character of ceria in the reaction.

3.2. Experimental
3.2.1. Catalyst Preparation
Commercial CeO2 nanopowder of high purity (Aldrich, ref: 544841) with a nominal total surface
area of 70 m2 g−1 was calcined in static air at 673 K for 5 h and eventually prereduced in 5 vol.%
H2 /He (42 cm3 min−1 ) at 673 K for 30 min (heating rate = 5 K min−1 ).
CeO2 nanoparticles were prepared by precipitation of Ce(NO3 )3 ·6H2 O solution (Treibacher
Industrie AG) with NaOH, followed by filtration and washing. CeO2 nanocubes were prepared
by precipitation of cerium nitrate with NaOH, followed by hydrothermal treatment in a Teflonlined stainless-steel autoclave at 453 K for 24 h. After cooling, the mixture was centrifuged and
washed in a water/ethanol mixture for purification. Mixed samples were obtained by quenching
the hydrothermal treatment after 15 h, followed by filtration and extensive washing. Afterwards,
all of the materials were dried overnight at 333 K, and calcined in static air at 723-823 K for
2 h and at 1023 K for 4 h.
Supported CeO2 catalysts were prepared by wet impregnation of SiO2 (Evonik, 99.8%), δAl2 O3 (Saint-Gobain NorPro, >99.5%), ZrO2 (Saint-Gobain NorPro, >99.8%) with 9 M HNO3
aqueous solution of cerium ammonium nitrate (2.0 cm3 ; Sigma-Aldrich,>98%). It has been
shown that the use of an acidic medium during the impregnation enhances the dispersion of
the ceria phase to provide relatively small CeO2 nanoparticles.[129,130] The impregnated catalyst
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was collected by filtration, washed with deionized water, dried at 333 K for 12 h, and calcined
in static air at 773 K for 4 h (heating rate = 5 K min−1 ).
3.2.2. Catalyst Characterization
X-ray diffraction (XRD) was undertaken in a Philips X’Pert diffractometer equipped with
a real-time multiple strip detector operated at 40 kV, using Ni-filtered Cu Kα radiation
(λ = 0.1541 nm). Data were recorded in the 2θ range of 20-80◦ , with an angular step size of 0.02◦
and a counting time of 40 s per step. The mean crystalline size was estimated from the full width
at the half-maximum of the main diffraction peak, using the Scherrer equation and a correction
for the instrument line-broadening. Rietveld refinement of the XRD spectra was performed by
using the GSAS EXPGUI program. Inductively coupled plasma optical emission spectrometry
(ICP-OES) was conducted on a Horiba Ultra 2 instrument equipped with photomultiplier tube
detection. Nitrogen isotherms were measured at 77 K in a Micromeritics Tristar 3000 analyzer.
High-resolution transmission electron microscopy (HRTEM) was carried out in a FEI Tecnai
F30 microscope equipped with a field emission gun, operated at 300 kV. The materials were
dispersed in ethanol in an ultrasonic bath; a few droplets of the suspension were poured onto
a holey carbon-coated grid and dried completely before analysis. Temperature-programmed
reduction in hydrogen (H2 -TPR) was carried out in a Micromeritics AutoChem II 2920 analyzer.
The catalyst (ca. 30 mg) was loaded in a U-shaped quartz micro-reactor and pretreated in air
at 723 K for 1 h. The analysis was performed in 4.6 vol.% H2 /Ar (35 cm3 min−1 ), ramping the
temperature up to 1173 K (heating rate = 10 K min−1 ). Fourier transform infrared (FTIR)
spectroscopy was performed in a Bruker Optics Vertex 70 spectrometer equipped with Hg-Cd-Te
detector, high-temperature cell, and ZnSe windows. The cell was filled with the powder catalyst
and carefully leveled off to ensure reproducible results. The spectra were recorded in the range
of 650-4000 cm−1 , by coaddition of 200 scans at a nominal resolution of 4 cm−1 . The amount
of oxygen vacancies was determined from the absorbance at 3640 cm−1 .[131] Oxygen storage
capacity (OSC) measurements were carried out in a TA Instruments Q500 thermogravimetric
analyzer. The sample was pretreated in Ar (50 cm3 min−1 ) at 553 K for 1 h and heated up to
673 K. At this temperature, the gas was switched to 5 vol.% H2 /Ar and the weight loss of the
material was recorded for 30 min.

36

Chapter 3

3.2.3. Catalyst Evaluation
The gas-phase hydrogenation of ethyne and propyne was carried out in a continuous-flow fixedbed microreactor (12 mm i.d.) at ambient pressure using 0.30-0.56 g of catalyst (particle
size = 0.2-0.4 mm). The partial alkyne pressure was kept constant at 25 mbar; the contact
time, temperature, and partial H2 pressure were varied in the range of 0.12-1 s, 423-623 K, and
250-750 mbar (H2 :C2 H2 and H2 :C3 H4 ratios of 10-30), respectively, using He as the balance
gas. All the catalytic data were measured under steady-state conditions and the performance
was stable for several hours on stream. The fulfillment of relevant criteria was verified in order
to discard mass-transport limitations. In addition, the temperature gradients along the bed,
measured as the difference between the temperature at the outlet of the bed and the oven
temperature, were <5 K, enabling quasi-isothermal operation. The composition of the gas at
the reactor outlet was analyzed by an online gas chromatograph (Agilent GC7890A) equipped
with a GS-GasPro column and a flame ionization detector. The conversion of the alkyne i,
X (i), was determined as the amount of reacted alkyne divided by the amount of alkyne at the
reactor inlet. The turnover frequency was expressed as millimole of C2 H4 produced per mole
of surface oxygen (active sites) per unit of time. The moles of surface oxygen were calculated
as the product of the mass of the catalyst multiplied by the surface oxygen density and by the
surface area, and divided by the Avogadro number. Particularly, the surface oxygen density
in polycrystalline CeO2 was calculated taking into account the density of surface oxygen on
each facet and their relative abundance in the XRD pattern (Figure 3.1a), assuming that all
faces contribute equally to the activity of CeO2 . The selectivity to the alkene and alkane were
calculated as the quantity of product formed divided by the amount of converted alkyne. The
selectivity to oligomers, Cm Hn , was determined as S (Cm Hn ) = 100 – S (C2 H4 ) – S (C2 H6 ).

3.3. Computational Details
Spin-polarized DFT and supercell periodic models were used as implemented in the Vienna
Ab-initio Simulation Package.[87,132] The valence electrons were expanded in plane-waves with
a kinetic cutoff energy of 400 eV, whereas the remaining electrons were replaced by PerdewBurke-Ernzenhof (PBE) projector-augmented wave (PAW) pseudopotentials.[133] Total energies
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and electron densities were computed using the DFT+U approach of Dudarev et al.,[134] in
which a Hubbard U -like term describing the onsite Coulomb interactions (U eff = U – J, that
is, the difference between the Coulomb U and exchange J parameters, hereinafter referred to
as simply U ) is added to the PBE generalized-gradient approximation (GGA) functional.[135]
We used a value of U = 4.5 eV for Ce atoms, which was calculated self-consistently by Fabris
et al.[136] using a linear response approach.[137] A Monkhorst-Pack grid[93] with 6×6×1 k-point
sampling per (1×1) surface unit cell was used.
The O-terminated CeO2 (111) surface with (3×3) periodicity was modeled using a supercell,
containing six atomic layers separated by at least 12 Å of vacuum. All the atoms in the three
bottom layers of the slab were fixed at their PBE+U bulk-truncated positions (a = 5.485 Å)
during geometry optimization, whereas the rest of atoms were allowed to fully relax. The
calculations of gas-phase species (H2 , C2 H2 , C2 H4 , and C2 H6 ) were performed with Γ-point
sampling using at least 12×12×12 Å3 boxes. For all the systems investigated, a range of
different initial positions and orientations was considered, and the structures were relaxed using
a conjugate-gradient algorithm with a residual force threshold of 0.05 eV Å−1 . All reported
adsorption energies were calculated in relation to the corresponding gas-phase molecule and
the bare CeO2 (111) surface, implying that negative reaction energies correspond to exothermic
processes. We found that the adsorption of H or C2 Hx species on the CeO2 (111) surface results
in the formation of one Ce3+ ion per adsorbed species. It is known that such Ce3+ ions are likely
to be more stable on the first cationic layer of the CeO2 (111) surface.[108,138–141] Imposing this
as a constrain, we systematically explored a range of possible configurations for the location of
Ce3+ ions upon adsorption of a given species. This search revealed relative energy differences
between the global minima and other possible locations of Ce3+ ions as large as 130 meV/Ce3+ ,
i.e., up to 390 meV when a maximum of three Ce3+ ions are present. Consequently, all minima
reported in the following correspond to the lowest-energy Ce3+ ion configurations found. To
determine the electronic ground state we used a self-consistent-field minimization algorithm
as applied in Carrasco et al.[142] and acknowledge the challenge for DFT+U to find the global
minimum with respect to 4f orbital occupations. We noticed that only high-spin (ferromagneticlike) states were considered for the sake of simplicity. This assumption is reasonable, since the
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Figure 3.1. X-ray diffraction (JCPDS 65-5923 as reference in blue) (a), temperature-programmed
reduction in H2 (b), and high-resolution transmission electron microscopy of the commercial CeO2
catalyst.

energy difference between the high-spin state and any other spin state is very small, typically
less than 10 meV.
Vibrational frequencies were obtained numerically by building the Hessian dynamical
matrix through finite atomic displacements of 0.01 Å from the optimized structures. After
diagonalization of the Hessian matrix, the corresponding harmonic frequencies associated to
each normal vibrational mode were obtained. Transition structures for the considered reaction
paths were located by employing the nudged elastic band algorithm[143] using at least five images
along each pathway. Harmonic vibrational frequency analysis showed that these structures had
only one imaginary frequency.

3.4. Results and Discussion
3.4.1. Characterization of CeO2 and Hydrogenation Performance
The X-ray diffraction pattern in Figure 3.1a shows that CeO2 is the only crystalline phase in the
commercial sample. The H2 -TPR profile in Figure 3.1b assesses the reducibility of the sample.
The profile presents a characteristic low-temperature peak at around 550–800 K, assigned to
the reduction of the surface of CeO2 , and a high-temperature peak at around 1000-1200 K,
assigned to the reduction of the bulk of the ceria crystallites. ICP-OES verifies the high purity
of the sample, which contains no trace of conventional hydrogenation metals such as Pd, Pt, Au,
Ag, Cu, and Ni. HRTEM in Figure 3.1c shows that the CeO2 nanoparticles primarily expose
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(111) facets with an interplanar spacing of 0.33 nm.
Figures 3.2a and b evaluate the performance of commercial ceria nanopowder as a
function of temperature and reactants ratio in ethyne and propyne hydrogenation. Raising
the temperature from 423 to 623 K (Figure 3.2a), the ethyne and propyne conversion first
increases, reaching a maximum at 473-523 K. The drop in conversion at higher temperature
can be attributed to the detrimental effect of surface CeO2 reduction, which starts at 523 K (see
also Figure 3.1b) and leads to the formation of oxygen vacancies. For ethyne hydrogenation, the
selectivity to ethene slightly increases with the temperature, reaching up to 85% at 573 K, and
starts to drop at 623 K. Despite the large hydrogen excess in the feed mixture (H2 :C2 H2 = 30),
the selectivity to ethane is <10% and the selectivity to oligomers does not exceed 16%. For
propyne hydrogenation, the olefin selectivity strongly decreases with temperature, from 91%
at 523 K to 25% at 673 K. Instead, the amount of propadiene formed (propyne isomerization
product) increases sharply. Despite the large hydrogen excess in the feed (H2 :C3 H4 = 30), it
is remarkable that propane is not detected at any condition and the selectivity to oligomers
is remarkably low (2–10%). The influence of the feed H2 :C2 H2 and H2 :C3 H4 ratios are shown
in Figure 3.2b. The conversion of ethyne and propyne increases quasi-linearly with the inlet
partial pressure of hydrogen, indicating that H2 dissociation is rate limiting. The selectivity to
ethene and propene also increases. At low H2 :alkyne ratios, where low hydrogen coverage can be
expected on the catalyst, oligomerization takes place. At high H2 :C2 H2 ratios, corresponding
to higher H coverage, the undesired pathways are suppressed. This points to a decisive role
of H2 dissociation in the reaction mechanism for maximizing the alkene production. Finally,
upon increasing the conversion of alkyne at fixed T and H2 :C2 H2 ratio (Figure 3.2c), a reduced
selectivity to ethene can be observed, with the concomitant increase in oligomers formation.
This result suggests that ethene precursors partake in the oligomerization pathway. Overall, for
ethyne hydrogenation, a stable selectivity to ethene of ca. 80% at a degree of ethyne conversion
of ca. 80% is attained at optimal reaction conditions (T = 523 K, H2 :C2 H2 = 30, τ = 0.35 s).
The results for propyne hydrogenation are even more impressive, as a propene selectivity of
ca. 95% at a degree of propyne conversion of ca. 90% is attained.
The influence of the presence of oxygen vacancies (formed by extensive prereduction of
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Figure 3.2. CeO2 -catalyzed ethyne (top) and propyne (bottom) hydrogenation as a function of
temperature (a) and H2 :alkyne ratio (b). The influence of temperature was studied at H2 :alkyne = 30
and τ = 0.35 s (ethyne) and 0.21 s (propyne); the influence of H2 :alkyne ratio was investigated at
T = 523 K and τ = 0.35 s (ethyne) and 0.21 s (propyne). Selectivity to alkenes and oligomers as a
function of the conversion (c) in ethyne (top) and propyne (bottom) hydrogenation, at T = 523 K,
H2 :alkyne = 30, and τ = 0.08–1 s. All experiments were conducted at P = 1 bar.

ceria in H2 and quantified by infrared spectroscopy) on the catalytic performance is depicted
in Figure 3.3 for ethyne (a) and propyne (b) hydrogenation. On the oxidic catalyst (no
pretreatment in H2 flow), a high ethyne conversion and ethene selectivity have been attained.
Upon prereduction of CeO2 in 5 vol.% H2 /He at 673 K, oxygen vacancies are created, and a
drop in the ethyne conversion and ethene selectivity is observed. Therefore, this result points
to the detrimental role of ceria reduction, suggesting that oxygen atoms are active centers for
the adsorption of reactants and intermediates.
Finally, the outstanding performance is retained upon deposition of 20 wt.% ceria on
inert carriers such as SiO2 , Al2 O3 , and TiO2 . In all cases, a conversion of ca. 50% and olefin
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Figure 3.3. Influence of a pretreatment of CeO2 in ethyne (a) and propyne (b) hydrogenation. The
pretreatment was conducted in H2 flow, at 673 K (ethyne) and 773 K (propyne). The influence of the
reduction temperature on the normalized amount of oxygen vacancies is plotted in a secondary y axis.
Conditions: T = 523 K, H2 :alkyne = 30, τ = 0.35 s, and P = 1 bar.

selectivities of 85-90% are attained in ethyne hydrogenation, opening further opportunities in
the use of a metal oxide as an active phase for hydrogenation reactions.
3.4.2. Face Sensitivity of Ceria
In order to analyze the influence of the crystal morphology of CeO2 on the reaction, and shed
lights on the intrinsic role of the degree of oxygen vacancies on the catalytic performance,
conventional ceria nanoparticles (code CV) and ceria nanocubes (code NC) were prepared by
precipitation and hydrothermal routes, respectively.[144] To exclude any influence of the surface
area on the hydrogenation performance, the samples were calcined at different temperature
(723-823 K) to attain materials with similar textural properties (Table 3.1). These samples
are denoted as fresh catalysts (code -f). HRTEM (Figure 3.4a) reveals that the fresh CV-f
sample is characterized by irregularly shaped polyhedral CeO2 particles of variable diameter
(10-40 nm). The dominant lattice fringes (0.32 nm) correspond to the (111) family, and only a
few (100) facets are detected. This is compatible with the shape of most particles defined by
an octahedron-like geometry and a minority described by a truncated octahedron enclosed by
(111) and (100) facets, in accordance with other studies.[145] NC-f, on the other hand, displays
nanocubes of different size (15-60 nm). The presence of crystallographic planes of CeO2 with
characteristic 0.27 nm interplanar spacing reveals that the particles are single-crystalline and
enclosed by six (100) facets. This morphology difference among the catalysts bring variable
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Figure 3.4. High-resolution transmission electron microscopy (a-c) of the CeO2 catalysts, revealing
morphological differences before (left) and after calcination at 1023 K (right). The 10 nm scale bar
applies to all micrographs. Insets: selected-area diffraction pattern of the catalysts and, for CV-f and
NC-f, interplanar spacing of the crystallographic planes of CeO2 . Temperature-programmed reduction
in hydrogen (d) of the same catalysts before and after calcination.

redox properties. In fact, the H2 -TPR profile of CV-f shows two major peaks at about 750 and
above 1000 K (Figure 3.4b), attributed to the reduction of the surface and bulk of the ceria
crystal, respectively.[106] As the amount of cubic particles in the sample increases, the surface
peak shifts towards lower temperatures, indicating that the nanocubes are more easily reducible.
The enhancement of the redox behavior observed by H2 -TPR is in line with the higher oxygen
storage capacity of the nanocubes compared to the conventional powder (Table 3.1).[144,146]
The fresh CeO2 samples were subjected to a high-temperature calcination (1023 K) leading
to the so-called aged catalysts (code -a). As shown in Table 3.1, the surface area and pore
volume drop to values lower than 11 m2 g−1 and 0.16 cm3 g−1 , respectively. HRTEM reveals
that the thermal treatment alters the crystal morphology, leading to conventional nanoparticles
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O2 :CO = 2.5, τ = 0.004 s, and P = 1 bar. CO oxidation was conducted in transient mode, ramping the temperature from 298 to 593 K (heating rate = 10 K min−1 ).

Temperature-programmed reduction in H2 -TPR at 673 K. b Oxygen storage capacity, thermogravimetric analysis in H2 flow at 673 K. c Rate of ethene
production, conditions: W cat = 0.25 g, T = 473 K, H2 :C2 H2 = 30, τ = 1 s, and P = 1 bar. d Rate of CO2 production, conditions: W cat = 0.03 g, T = 473 K,

precipitation, 823 K
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hydrothermal, 723 K
hydrothermal, 1023 K
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NC-f
NC-a

a

Method
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Table 3.1. Characterization and catalytic performance of the nanostructured ceria samples.
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Figure 3.5. Reaction rate (solid symbols) and selectivity to ethene (open symbols) of the ceria
catalysts in C2 H2 hydrogenation at variable temperature. Conditions: H2 :C2 H2 = 30, τ = 0.35 s, and
P = 1 bar.

and aggregated, truncated cubes (Figure 3.4a). This results in an increase of (100) facets on
conventional ceria and in the formation of (110) and higher Miller index surfaces on ceria
nanocubes. In the H2 -TPR profile (Figure 3.4b), a slight shift towards lower temperatures and
a decrease in the intensity of the surface reduction peak are observed in all samples; this is
accompanied by an increase in the intensity of the peak associated with the bulk reduction of
the sample, in agreement with the decreased surface area.[144]
Figure 3.5 compares the ethyne hydrogenation performance of standard and cubic CeO2 in
the temperature range of 323-623 K. The reaction rate resembles a volcano behavior over all
catalysts, increasing when the temperature is increased from 323 to about 523 K and dropping
at higher temperatures. In general, the hydrogenation activity follows the order: CV-f > NC-f.
The selectivity to ethene, on the other hand, is constant at 80% in all cases, although at low
temperatures CV-f outperforms NC-f. This is most likely because of the better isolation of the
terminated surface oxygen atoms on CeO2 (111) (see the inset in Figure 3.6), which reduces
the likelihood of oligomer formation.[147,148] Notably, the catalyst morphology is preserved
after C2 H2 hydrogenation (Figure A.5), confirming that these results are not a consequence of
nanoparticle shape alterations induced by the reaction. The similar degree of alkene selectivity
over all catalysts is consistent with the analogous apparent activation energy (14 kJ mol−1 for
NC-f and 15 kJ mol−1 for MX-f and CV-f), indicating that this structure sensitivity cannot
be attributed to different elementary steps involved in the reaction mechanism. Comparatively,
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Figure 3.6. Reaction rate in C2 H2 hydrogenation (a) and CO oxidation (b) as a function of the oxygen
storage capacity of the fresh and aged ceria catalysts. Both reactions were investigated at T = 473 K.
Insets: the most active CeO2 morphology in C2 H2 hydrogenation (octahedron-like nanoparticles
enclosed by (111) facets) and CO oxidation (nanocubes enclosed by (100) facets). Reaction conditions
for CO oxidation in the caption of Table 3.1. Color codes: O (red), Ce (pale yellow).

the same materials exhibit an opposite activity trend in CO oxidation (Table 3.1; Figure A.6),
with the nanocubes being the most active. The C2 H2 hydrogenation and CO oxidation activity
are further compared as a function of the oxygen storage capacity in Figure 3.6. This figure
nicely depicts the antithetic shape sensitivity of these reactions over nanoscale ceria. In fact, the
hydrogenation rate decreases with the increased OSC and the effect is even more pronounced
over the aged samples; CO oxidation is favored at high oxygen storage capacities and over the
aged materials.
The inverse structure sensitivity of CeO2 in hydrogenation and oxidation can be attributed
to the different oxygen vacancy chemistry and to the nature of the exposed facets. In general,
the formation energy of oxygen vacancies on CeO2 (111) is higher (3.30 eV) than on CeO2 (100)
(2.97 eV),[149,150] suggesting that the oxygen atoms on CeO2 (111) are less volatile. Therefore,
the hydrogenation performance, which is higher on the (111) facets of the conventional
nanoparticles, can be associated with a mechanism requiring surface oxygen atoms to stabilize
reactive species. This is consistent with the proposed ethyne hydrogenation mechanism over
ceria. In addition, this result also shows for the first time the detrimental role of the (100) planes
in reactions catalyzed by ceria. CO oxidation depicts the opposite trend, with the (100) surfaces
being more active, in agreement with previous reports and with a mechanism involving surface
oxygen removal.[151–153] The calcination experiment confirms these results, as the hydrogenation
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rate in conventional octahedral nanoparticles decreases for all samples, because of the formation
of new (100) planes from truncation of the CeO2 particles. In contrast, a parallel increase of
the CO oxidation activity is observed. In nanocubes, calcination results in a modification of
the edges and corners with exposure of new (110) planes and other planes with higher Miller
indices. This will also favor the energetics of vacancy creation (the vacancy formation energy in
(110) plane is 2.69 eV)[149,150] and the formation of defects and coordinatively unsaturated sites
(where oxygen is more reactive), promoting specific rate of CO oxidation over aged samples.
Conversely, hydrogenation rates are negatively affected by the calcination.
3.4.3. Hydrogenation mechanism
Based on the higher reactivity of the (111) facet in hydrogenations, CeO2 (111) was chosen
as the model catalytic surface for the calculations. The molecular adsorption of hydrocarbon
molecules on CeO2 (111) is expected to be very weak and dominated by van der Waals dispersion
forces. Indeed, the PBE+U adsorption of C2 H2 on CeO2 (111) is only –0.10 eV. Furthermore,
the adsorption of C2 H2 as a radical species on top of a surface oxygen atom is exothermic
(−0.12 eV), with the unpaired electron localized on the β carbon of ethyne (Figure 3.7a). The
electron removed from such β-C2 H2 species yields to the formation of one Ce3+ ion. Radicals
are generally short-lived and highly reactive. As discussed below, these species play a crucial
role in the selective hydrogenation to C2 H4 at high H2 coverage. In addition, they are likely to
promote the formation of oligomers at low H2 :C2 H2 ratios.
A stronger binding energy can be achieved upon dissociation, in particular if the alkyne
adsorb on CeO2 (111) via an heterolytic process, through the formation of acetylide-like species
on top a surface cerium atom. In the case of C2 H2 , our PBE+U calculations show that
dissociative heterolytic adsorption (Figure 3.7b) on CeO2 (111) is endothermic by 0.38 eV with
respect to the gas-phase C2 H2 molecule. Notwithstanding, dissociative homolytic adsorption
is strongly exothermic (–1.77 eV) and, therefore, the adsorption mechanism for C2 H2 on
CeO2 (111) leads to the formation of an acetylide (H-C≡C) and an H species on top of
two adjacent surface oxygen atoms (Figure 3.7c). Notice that unlike heterolytic dissociation,
homolytic dissociation implies the reduction of ceria, resulting in the formation of two Ce3+
ions. The infrared spectra of C2 H2 adsorbed on CeO2 in Figure 3.8 provide further evidence for
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Figure 3.7. Top and side views of the lowest energy optimized structures for C2 H2 adsorption on a
(3×3) CeO2 (111) surface via (a) β-C2 H2 radical, (b) heterolytic, and (c) homolytic dissociation. For
clarity, only the top three atomic layers of the CeO2 (111) surface are shown. The numbers indicate
the interatomic distance between the atoms in Å. Color codes: surface O (red), subsurface O (light
red), C (black), H (white), Ce4+ (pale yellow), Ce3+ (light blue).

the homolytic dissociation pathway. After 20 min, the bands at 3708 cm−1 and 2160 cm−1 are
assigned to the stretching modes of monocoordinated O-H and H-C≡C species, respectively.
These experimental values agree well with the PBE+U values of such vibrational modes for the
homolytic adsorption structure: 3702 cm−1 and 2153 cm−1 , respectively. Interestingly, after 80
min exposure time, the absorption at 3080 cm−1 gains intensity; this band is in reasonable good
agreement with the computed O-H stretching mode for heterolytic adsorption (3110 cm−1 ). This
suggests that at high coverage (longer exposure times), surface O sites become saturated and

Figure 3.8. Infrared spectra of CeO2 in He (20 cm3 min−1 ) and after 20 and 80 min of exposure to
5 vol.% C2 H2 /He (20 cm3 min−1 ). The spectra were recorded at 523 K in the absence of gas-phase
H2 .
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Table 3.2. Energy of reaction (∆E) and energy barriers for
the forward (E a,f ) and backward (E a,b ) reactions involved in the
hydrogenation of ethyne on CeO2 (111). Top and side views of the
DFT-optimized structures are depicted in Figures A.11-A.11.
Step

Reaction

∆E
(eV)

E a,f
(eV)

E a,b
(eV)

(R1)
(R2)
(R3)
(R4)
(R5)
(R6)
(R7)
(R8)
(R9)
(R10)
(R11)
(R12)
(R13)
(R14)
(R15)
(R16)
(R17)
(R18)

H2 + 2∗  H2 ∗
H2 ∗  (H,H)∗
(H,H)∗ + ∗  2H∗
C2 H2 + H∗  (β-C2 H2 ,H)∗
(β-C2 H2 ,H)∗  C2 H3 ∗
C2 H3 ∗ +H∗  (C2 H3 ,H)∗ + ∗
(C2 H3 ,H)∗  C2 H4 + ∗
(β-C2 H2 H)∗  (C2 H,H,H)∗
(C2 H,H,H)∗  (α-C2 H2 ,H)∗
(α-C2 H2 ,H)∗  C2 H3 ∗
(C2 H3 ,H)∗  β-C2 H4 ∗
H2 + ∗  H2 ∗
H2 ∗  (H,H)∗
(H,H)∗ +β-C2 H4 ∗  H∗ + (β-C2 H4 ,H)∗
(β-C2 H4 ,H)∗  C2 H5 ∗
C2 H5 ∗ +H∗  (C2 H5 ,H)∗ + ∗
(C2 H5 ,H)∗  C2 H6 + ∗
(C2 H3 ,β-C2 H2 )∗  δ-C4 H5 ∗

0.00
–2.35
0.07
–0.15
–1.48
0.01
1.65
–1.73
1.22
–0.97
2.13
0.00
–2.35
–0.01
–1.03
–0.04
1.20
–0.73

1.00
0.09
2.86
0.74
1.47
0.54
3.65
1.00
0.41
3.44
0.42

3.35
1.58
1.20
2.47
0.25
1.51
1.52
3.35
1.44
2.55
1.15

C2 H2 might start to adsorb heterolytically on Ce sites.
The energy profile of ethyne hydrogenation on CeO2 (111) determined by DFT is
summarized in Figure 3.9, and a detailed list of all elementary steps with their corresponding
reaction and activation energies can be found in Table 3.2. The elementary steps involved in
the partial hydrogenation process are:

C2 H2 + 2H2 + 2∗  C2 H2 + H2 + H2 ∗ + ∗

(R1)

C2 H2 + H2 + H2 ∗ + ∗  C2 H2 + H2 + (H,H)∗ + ∗

(R2)

C2 H2 + H2 + (H,H)∗ + ∗  C2 H2 + H2 + 2H∗

(R3)

C2 H2 + H2 + 2H∗  H2 + (β-C2 H2 ,H)∗ + H∗

(R4)
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H2 + (β-C2 H2 ,H)∗ + H∗  H2 + C2 H3 ∗ +H∗

(R5)

H2 + C2 H3 ∗ + H∗  H2 + (C2 H3 ,H)∗ + ∗

(R6)

H2 + (C2 H3 ,H)∗ + ∗  H2 + C2 H4 + 2∗

(R7)

Each asterisk denotes a clean CeO2 (111) surface. Reactants, intermediates, and products
that are followed by an asterisk stand for adsorbed species (our DFT structure optimization
shows that the adsorption of all species takes place preferentially on top of surface O atoms).
Species in parentheses and separated by commas indicate coadsorbed species on nearby active
surface O sites.
The reaction starts with the physisorption of H2 (R1) followed by homolytic dissociative
chemisorption to leave two H∗ species (R2) and release 2.35 eV. The two H atoms adsorb on

Figure 3.9. Reaction energy profile for the hydrogenation of ethyne on CeO2 (111). All energies are
referenced to the total energy of H2 (g), C2 H2 (g), and the clean CeO2 (111) surface (state A). States A–J
stand for minima and their structures are schematically shown in the insets in the bottom; transition
structures, on the other hand, are indicated by R2–R17. The semi- and over-hydrogenation pathways
are indicated in blue and red, respectively.
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top of two nearest neighbor surface O atoms to form two hydroxyl groups and two Ce3+ (see
also Figures A.7 and A.8). This elementary step is hindered by an energy barrier of 1.00 eV.[154]
Previous DFT+U calculations reported a much lower barrier (0.22 eV).[127] However, using
the previously reported transition state structure and their computational setup, we found
the structure to be unstable. Nonetheless, this higher activation energy is compatible with the
high H2 pressures needed for conversion. The separation of two nearest neighbor H∗ species
leading to two isolated species, (H,H)∗  H∗ + H∗ , is from a thermodynamic point of view
only slightly unfavorable by 0.07 eV (R3). The reaction continues with the adsorption of an
ethyne molecule near to one hydroxyl group (R4) to form (β-C2 H2 ,H)∗ (inset D in Figure 3.9).
This step is energetically favored by only 0.15 eV. Then such radical species can readily react
with the nearby hydroxyl group leading to the formation of a C2 H3 ∗ and releasing 1.48 eV.
In addition, this process has a barrier of only 0.09 eV. At this stage, the reaction can proceed
toward the coadsorption of C2 H3 ∗ and H∗ species via (R5) and the formation and release of a
gas-phase ethene molecule (R7), resulting in an overall partial hydrogenation process. This last
elementary step is substantially endothermic by 1.65 eV and presents a large energy barrier of
2.86 eV. Although this energy barrier for the formation of ethene is 1.86 eV larger than for the
dissociation of H2 (R2), overall the transition state of (R7) lies approximately 1.2 eV below that
of (R2) in the reaction energy profile (Figure 3.9). This is consistent with the experimental fact
that hydrogen splitting is rate limiting.
We have also considered an alternative reaction pathway to (R5) to form C2 H3 ∗ species via
the dissociative adsorption of ethyne and the formation of a β-C2 H2 ∗ isomer, a α-C2 H2 ∗ radical
species:

H2 + (β-C2 H2 ,H)∗ + H∗  H2 + (C2 H,H,H)∗ + H

(R8)

H2 + (C2 H,H,H)∗ + H∗  H2 + (α-C2 H2 ,H)∗ + H∗

(R9)

H2 + (α-C2 H2 ,H)∗ + H∗  H2 + C2 H3 ∗ + H∗

(R10)

Although this alternative pathway initially involves the thermodynamically-preferred
dissociative adsorption of ethyne (R8), from a kinetic point of view, this process is more
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energy-demanding than the pathway via β-C2 H2 ∗ (R5). Accordingly, it is the high reactivity
of β-C2 H2 ∗ species toward hydrogenation by nearby H∗ species what activates the formation of
the key C2 H3 ∗ species for the subsequent hydrogenation process, avoiding the thermodynamic
preference for dissociative adsorption of isolated ethyne molecules.
Once a surface C2 H3 ∗ species is formed, the reaction can proceed toward the formation and
desorption of a gas-phase C2 H4 molecule (R7), resulting in an overall partial hydrogenation
process. Alternatively, the adsorbed C2 H3 species can be hydrogenated to ethane through the
formation of a β-C2 H4 ∗ radical on the surface (inset G in Figure 3.9). The list of elementary
steps leading to the complete hydrogenation process is:

H2 + (C2 H3 ,H)∗ + ∗  H2 + β-C2 H4 ∗ + ∗

(R11)

H2 + β-C2 H4 ∗ + ∗  H2 ∗ + β-C2 H4 ∗

(R12)

H2 ∗ + β-C2 H4 ∗  (H,H)∗ + β-C2 H4 ∗

(R13)

(H,H)∗ + β-C2 H4 ∗  H∗ + (β-C2 H4 ,H)∗

(R14)

H∗ + (β-C2 H4 ,H)∗  H∗ + C2 H5 ∗

(R15)

H∗ + C2 H5 ∗  (C2 H5 ,H)∗ + ∗

(R16)

(C2 H5 ,H)∗ + ∗  C2 H6 + 2∗

(R17)

Essentially, the reactions to form gas-phase C2 H4 or adsorbed β-C2 H4 ∗ compete with each
other ((R7) and (R11), respectively). These two elementary steps present large energy barriers,
but the pathway leading to gas-phase C2 H4 is hindered by a substantially smaller activation
energy, 2.86 eV, than the formation of β-C2 H4 ∗ , 3.65 eV, which is kinetically less favorable
(Table 3.2). The occurrence of energy-demanding steps toward complete hydrogenation
provides, therefore, an explanation for the experimentally observed high ethene selectivity over
ceria. In addition, a selective catalyst is expected to offer a high (low) stability for the adsorption
of ethyne (ethene).[30,155] This qualitative requirement is actually consistent with our results.
Comparing states G and F in Figure 3.9, the adsorption of gas-phase ethene (state F) to form an
activated adsorbed ethene molecule on the surface (state G) is indeed an endothermic process
by 0.5 eV, whereas the activation of a gas-phase ethyne to form a β-C2 H2 ∗ species (state D) is
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slightly exothermic by 0.15 eV (R4). Therefore, a gas-phase ethene molecule formed in (R7) is
not thermodynamically prone to be readsorbed on the surface.
Complete hydrogenation from C2 H3 ∗ species through the formation of a β-C2 H4 ∗ radical
(R11) requires the physisorption and subsequent dissociation of a second H2 molecule on the
CeO2 (111) surface ((R12) and (R13)). Coadsorbing H∗ and β-C2 H4 ∗ species on nearby O
surface atoms is thermoneutral. The overall (C2 H3 ,H)∗ + H∗  (β-C2 H4 ,H)∗ process is slightly
exothermic by 0.22 eV. The β-C2 H4 ∗ radical can readily react with a nearby H∗ releasing 1.03 eV
and with an activation energy of only 0.41 eV (R15). This process leads to the formation of
very stable C2 H5 ∗ species. Bringing together C2 H5 ∗ and H∗ is slightly favorable by 0.04 eV
(R16). Forming the final complete hydrogenation product, ethane, by the reaction of C2 H5 ∗
with the coadsorbed H∗ (R17) is endothermic by 1.20 eV. In addition, this final hydrogenation
step presents a large activation energy (3.44 eV), which hampers the reaction toward ethane
and explains the very low selectivity to the overhydrogenated product observed experimentally.
As discussed before, the maximal selectivity to oligomers is higher than that to ethane
(Figure 3.2). DFT calculations indicate that the C2 H3 ∗ precursors are very stable surface species.
Hence, these adsorbates are expected to exhibit long residence times on the catalyst surface.
At low H coverages, C4 oligomers may result from the direct coupling of C2 H3 ∗ with a nearby
β-C2 H2 ∗ radical according to the following process:

(C2 H3 , β-C2 H2 )∗  δ-C4 H5 ∗

(R18)

This reaction is moderately exothermic by 0.73 eV and is hindered by an activation energy
of only 0.42 eV as shown in Table 3.2. Notice that the product of (R18), δ-C4 H5 ∗ , is a radical,
which can presumably be release as a C4 oligomer after reacting with nearby H∗ or evolve to
a larger oligomer by attaching an extra Cx Hy ∗ species, although such reaction pathways have
not been explored here. Interestingly though, compared with the formation of ethene (R7),
oligomerization via C2 H3 and β-C2 H2 recombination is largely preferred. It is important to
stress that each C2 Hx ∗ species is surrounded by six nearby O surface atoms (Figure A.12);
for oligomerization to occur, a second C2 Hx ∗ species should be adsorbed on one of these
six neighboring active sites, otherwise the separation between the two species is too large
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(>3.5 Å) for species to react. Since hydrogen competes for the same adsorption sites, the
observed gradual decrease in oligomer production when increasing the H2 :C2 H2 ratio can be
linked to the fact that an excess of H∗ surrounding C2 Hx ∗ species blocks the energetically
more favorable oligomerization process, facilitating the conversion toward ethene instead. This
blocking effect is supported by the fact that surface H diffusion is hindered by a large energy
barrier[154] and, therefore, H mobility is expected to be low even at high temperatures. We
should emphasize that other oligomerization reactions could also be proposed. We have focused
here only on the recombination of C2 H3 and β-C2 H2 (R18) because this is likely one of the
most relevant oligomerization processes, but, for example, species such as β-C2 H4 ∗ may actuate
the oligomerization as well, which is expected to compete with ethane formation along the last
steps of the complete hydrogenation process (from (R11) to (R17)).
Overall, it is important to realize that it is the ability of CeO2 to easily accommodate one
electron into the Ce 4f state that facilitates the stabilization of the β-C2 H2 ∗ radical, a key
intermediate in the semi-hydrogenation process. In addition, each elementary hydrogenation
step (C2 Hx ,H)∗  (C2 Hx+1 )∗ implies the reduction and reoxidation of the Ce ions. Thus the
reversibility of the Ce4+  Ce3+ process is vital for understanding the lack of depletion of
active sites and the outstanding catalytic properties of CeO2 in ethyne hydrogenation. As for
the detrimental effect of oxygen vacancies on the reactivity, all reactants and intermediates
involved in the reaction are adsorbed on top of surface O sites. Hence, the creation of oxygen
vacancies upon strong pretreatment in H2 at 673 K simply reduces the number of sites available
for catalysis.

3.5. Conclusions
This chapter reports the highly selective character of bulk CeO2 in the gas-phase hydrogenation
of ethyne and propyne; the outstanding performance was retained upon deposition of ceria on
inert carriers. However, prereduction of ceria in hydrogen flow at high temperature (>600 K)
is detrimental. To further rationalize this aspect, ceria catalysts with cubic and octahedral
morphologies have been prepared and evaluated in C2 H2 hydrogenation. The materials based on
octahedral nanoparticles, which preferentially expose (111) facets, show a higher hydrogenation
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activity in comparison with those based on nanocubes, which preferentially show (100) surfaces.
The calcination at high temperature (>1000 K) induces a strong alteration of the catalyst
morphology, increasing the amount of (100) facets in conventional nanoparticles and (110) facets
in nanocubes, and resulting in a lower hydrogenation activity. These results, which contradicts
typical kinetic fingerprints of ceria in oxidation reactions, are related to the easier formation of
oxygen vacancies (and other defect sites) on CeO2 (100), and point to the key role of oxygen in
the reaction.
DFT calculations on the most active CeO2 (111) facet provide a molecular-level
understanding of this unique selective behavior and demonstrate that surface oxygen species
are the active site in the reaction. In fact, semi-hydrogenation of ethyne to ethene is the reaction
that is most likely to occur when C2 H2 and H2 are coadsorbed on neighboring surface oxygens
of the CeO2 surface, due to the formation of highly reactive β-C2 H2 radicals. These radicals
are readily hydrogenated to form C2 H3 and C2 H4 . The formation of ethane from C2 H4 is
impeded owing to the presence of significantly large energy barriers. Besides, the degree of
oligomerization is remarkably low because of the isolation of the active sites. These findings
open exciting perspectives for the exploration of pure and based ceria catalysts in selective
hydrogenations.

Chapter 4
Promotion of Ceria Catalysts
for Low-Temperature Alkyne Hydrogenation
4.1. Introduction
As the most abundant rare earth oxide, ceria has attracted significant interest over the past
decades. Undoubtedly, major applications are found in oxidation catalysis, where CeO2 is used
as a promoter or as a main active phase.[117,122,144,146] Recently, the benefits of ceria in methanol
synthesis and water-gas shift catalysis have been also demonstrated.[156,157] The impact of ceria
in these transformations originates from its high oxygen storage capacity and the ability to
switch between the Ce4+ and Ce3+ oxidation states, storing and releasing oxygen ions.[108] As
proved in the pioneering works by Nowick et al. in the late 1970s,[158] the introduction of a
metal into the ceria lattice is an efficient and versatile way of further enhancing these unique
properties. The guest metal (often referred to as promoter or dopant) disturbs the fluorite
structure of CeO2 and alters the local defect configuration, affecting the ionic conductivity of
the material.[141,159] At high temperature, this increases the mobility of the oxygen species. It
has been shown that ceria catalysts modified with minute amount of lanthanum, zirconium, or
hafnium exhibit a lower formation energy of oxygen vacancies, which boosts the redox behavior
and thus the oxidation activity.[160,161] The charge of the promoter, however, has a marked
influence on the properties of ceria. It is known that tetravalent cations mainly affect the
relaxation energy of the oxide, whereas trivalent cations may induce electronic changes together
with structural relaxation effects.[141]
The recent discovery of CeO2 as a highly selective catalyst for the gas and liquid-phase
hydrogenation of acetylenic compounds has opened new perspectives in catalysis beyond
oxidations.[162,163] The hydrogenation of alkynes is an important step for the industrial
synthesis of polymer-grade olefins and pharmaceutical intermediates, and is generally performed
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over modified palladium catalysts.[30,50] The practical relevance of this reaction has led
to intense efforts to design novel catalytic systems with the purpose of maximizing the
alkene selectivity.[28,53,60] Density Functional Theory calculations have ascribed the high olefin
selectivity of CeO2 to the role of the oxygen species (active sites) in stabilizing reactive
intermediates, to their isolation, largely suppressing oligomerization pathways, and to the high
energy barrier for the over-hydrogenation step.[147] However, similarly to other less conventional
catalytic systems,[28] the reaction over CeO2 requires a 200 K higher operating temperature than
the state-of-the-art palladium, owing to the limited ability of ceria to activate H2 .[147,148] This
curbs the practical exploitation of the much cheaper oxide since the material cannot retrofit
existing plants for olefin purification. Besides, at high temperature (>550 K) under H2 flow, the
activity of ceria drops dramatically due to the formation of oxygen vacancies on the surface.
In contrast to oxidation catalysis, these are detrimental in hydrogenation, as they reduce the
amount of active sites.[164]
The use of promoters to boost the activity of ceria in hydrogenation catalysis has not
been demonstrated to date. Gallium is an excellent candidate to tackle this problem, due
to its reported ability to increase the reducibility of ceria and to facilitate the H-H bond
cleavage.[165–167] Herein we demonstrate that the presence of gallium boosts the activity of ceria
for the semi-hydrogenation of acetylene and methylethyne. The role of gallium is rationalized
through the combination of catalytic testing, characterization by in situ infrared spectroscopy,
and mechanistic studies using Density Functional Theory. A fine balance between the facilitated
H2 activation and the creation of vacancies, attained by tuning the content of Ga in the
mixed cerium-gallium oxide, leads to an optimal catalytic performance. Following this principle,
indium was also identified as an even more effective promoter.

4.2. Experimental
4.2.1. Catalyst Preparation
Cerium oxide (CeO2 ), gallium oxide (Ga2 O3 ), and gallium-containing ceria catalysts with a
nominal atomic Ce:Ga ratio of 99:1, 98:2, 95:5, 90:10, and 80:20 (coded Ce99 Ga1 Ox , Ce98 Ga2 Ox ,
Ce95 Ga5 Ox , Ce90 Ga10 Ox , and Ce80 Ga20 Ox , respectively) were prepared by co-precipitation of
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aqueous solutions of Ce(NO3 )3 ·6H2 O (99.99%, Sigma-Aldrich) and Ga(NO3 )3 ·9H2 O (99.999%,
Sigma-Aldrich) with NH4 OH.[165] Briefly, the mixture of the nitrate solutions was slowly added
to the ammonium hydroxide solution under vigorous stirring, keeping the pH at 8.5. The
precipitates were filtered, washed with water, dried in air at 393 K for 8 h, and calcined
at 723 K for 5 h (heating rate = 5 K min−1 ). The same co-precipitation procedure was
applied to prepare Ce95 Al5 Ox and Ce95 In5 Ox , using Al(NO3 )3 ·9H2 O (99%, Acros-Organics) and
In(NO3 )3 (99.999%, Strem Chemicals) as the metal precursors. The Ce95 Ga5 Ox catalyst was
additionally prepared by solid-state synthesis. Appropriate amounts of CeO2 (Sigma-Aldrich,
ref: 1001772767) and Ga2 O3 (Strem Chemicals, ref: 23875600) were ball-milled at 500 rpm for
5 h (Retsch Planetary PM200) and the resulting powder was calcined at 823 K for 4 h using
5 K min−1 .
4.2.2. Catalyst Characterization
The chemical composition of the samples was determined by X-ray fluorescence spectrometry
(XRF), using an Orbis Micro-EDXRF analyzer equipped with a 35 kV Rh anode and a silicon
drift detector. X-ray photoelectron spectroscopy (XPS) was performed on a hemispherical
PHOIBOS 150 spectrometer, using monochromatic Al Kα radiation (200 W, 12 kV) and
operating in the fixed analyzer transmission mode (pass energy = 30 eV). A flood gun FG
15/40 was employed to compensate surface charging effects. Prior to the analysis, the sample
was pretreated under Ar flow at 473 K for 15 min. X-ray diffraction (XRD) was measured
in a Shimadzu XD-D1 diffractometer equipped with a Cu Kα (λ = 0.1541 nm) source. Data
were recorded in the 2θ range of 20-100◦ , with an angular step size of 0.1◦ and a counting
time of 50 s per step. Nitrogen sorption at 77 K was performed using a Micromeritics ASAP
2020 analyzer after sample evacuation at 473 K for 2 h. High-resolution transmission electron
microscopy (HRTEM) was undertaken in a FEI Tecnai F30 microscope operated at 300 kV.
Energy-dispersive X-ray spectrometry (EDS) mapping was conducted in a Hitachi HD-2700
microscope operated at 200 kV. The materials were dispersed in ethanol in an ultrasonic
bath; a few droplets of the suspension were poured onto a holey carbon-coated copper grid
and completely dried prior to microscopic analyses. Temperature-programmed reduction in
hydrogen (H2 -TPR) was conducted in a Micromeritics Autochem 2920 unit connected to a
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Pfeiffer Thermostar quadrupole mass spectrometer. The catalyst (ca. 0.2 g) was loaded into a Ushaped quartz micro-reactor, pretreated under flowing 5 vol.% O2 /He (50 cm3 min−1 ) at 773 K
for 1 h, and cooled to 473 K in He (20 cm3 min−1 ). The analysis was performed under flowing
5 vol.% H2 /Ar (50 cm3 min−1 ), ramping the temperature from 473 to 1023 K at 10 K min−1 . The
oxygen storage capacity (OSC) was determined using a TA Q-600 thermobalance. The sample
(ca. 0.1 g) was reduced in 5 vol.% H2 /Ar, ramping the temperature from 298 to 773 K at 10 K
min−1 , purged in He at 773 K for 15 min, and oxidized in O2 at 473 K for 15 min. Afterwards,
the catalyst was further reduced in 5 vol.% H2 /Ar, ramping the temperature from 473 to 773 K
at 10 K min−1 . All flow rates were set at 60 cm3 min−1 . Diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy was carried out in a Nicolet 8700 spectrometer equipped with
an Hg-Cd-Te detector, a Harrick high-temperature cell, and KBr windows. The sample was
prereduced in H2 flow ramping the temperature from 298 to 623 K at 15 K min−1 , followed by
sequential treatments in H2 , He, O2 , and He at 623 K for 10 min. Isothermal reduction in pure
H2 (30 cm3 min−1 ) was conducted at 523 and 623 K.
4.2.3. Catalyst Evaluation
The gas-phase hydrogenation of ethyne and methylethyne was studied in a continuous-flow
fixed-bed micro-reactor (12 mm i.d.) using the following conditions: catalyst mass W cat = 0.4 g
(particle size = 0.2-0.4 mm), temperature T = 323-523 K, molar H2 :alkyne = 10-30 (alkyne
concentration = 2.5 vol.%, He as balance gas), contact time τ = 0.3 s, and total pressure
P = 1 bar. The hydrogenation of ethyne was also studied by co-feeding 10 vol.% ethene. The
activity of selected catalysts in ethene or propene hydrogenation was assessed using 2.5 vol.%
alkene and a molar H2 :alkene ratio of 30. The reactor effluent was analyzed by an online gas
chromatograph (Agilent GC7890A). The conversion of alkyne and the selectivity to alkene and
alkane were calculated according to the Eqs. (4.1)-(4.3):
cin (alkyne) − cout (alkyne)
cin (alkyne)
cout (alkene) − cin (alkene)
S(alkene) =
cin (alkyne) − cout (alkyne)
cout (alkane)
S(alkane) =
cin (alkyne) − cout (alkyne)
X(alkyne) =

(4.1)
(4.2)
(4.3)
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where c in (i) and c out (i) are respectively the inlet and outlet concentration of i. In the absence
of alkene in the feed mixture, c in (alkene) = 0 mol m−3 . The selectivity to oligomers, Cm Hn ,
was obtained through the carbon balance, considering that S (Cm Hn ) = 100 – S (alkene) –
S (alkane). This assumption is acceptable taking into account the low tendency of the catalyst
to coke (weight losses < 3 wt.% were determined in the used catalysts by thermogravimetric
analysis in air). The turnover frequency in alkyne semi-hydrogenation was expressed as mole
of alkene produced per unit of time, n out (alkene), and mole of active sites (i.e., surface oxygens
on the ceria phase),[147] taking into account the mass of the catalyst, the surface area, S BET ,
the catalyst surface density determined from XRD, r surf , the surface Ce:(Ce+Ga) ratio, r Ce,surf ,
the stoichiometry of the single oxides, and the Avogadro number, N Av :

TOF =

nout (alkene) NAv
2Wcat SBET rsurf rCe,surf

(4.4)

This was regarded as the most accurate way of expressing the activity, considering that the
catalysts have different surface areas and guest metal contents (Table 4.1).

4.3. Computational Details
DFT+U calculations on H2 activation were performed with the Vienna Ab-initio Simulation
Package,[87,132,168] using the Perdew-Burke-Ernzerhof functional.[135] Projector-augmented wave
pseudo-potentials represented the core electrons (H, C(s), O(s), Ga(d), Ce),[92,133] whereas a
plane wave basis set with a kinetic cutoff energy of 300 eV described the valence electrons.
This setting has been tested for determining the bulk lattice parameters (see Table A.4,
Appendix A). All calculations were spin-polarized; particularly, the Hubbard U -like term
describing the on-site Coulomb interactions was included in order to describe the Ce 4f states
(U – J = 5 eV).[134] The electronic relaxation was converged until the energy differences were
below 0.1 meV. The conjugate-gradient algorithm was used for geometry optimization, with a
threshold for the ionic relaxation of 1 meV. The adsorbates together with the two uppermost
slab CeO2 layers were allowed to relax, while the two bottom CeO2 slab layers were kept fixed
to bulk positions. The k-point mesh used was 0.05 Å−1 in the reciprocal space (MonkhorstPack 2×2×1). Transition states were located through the climbing-image version of the nudged
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Table 4.1. Characterization data of selected catalysts.
Sample
CeO2
Ce99 Ga1 Ox
Ce98 Ga2 Ox
Ce95 Ga5 Ox
Ce90 Ga10 Ox
Ce80 Ga20 Ox
Ce95 Al5 Ox
Ce95 In5 Ox

Ga:(Ce+Ga)a
(-)

Gab
(wt.%)

S BET
(m2 g−1 )

a cell c
(nm)

d crystalline d
(nm)

T sr e
(K)

OSCf
(µmol O g−1 )

0 (0)
0.01 (0.01)
0.02 (0.02)
0.05 (0.05)
0.10 (0.10)
0.20 (0.25)
0.05 (0.01)g
0.05 (0.05)g

0
0.41
0.86
2.12
4.26
8.85
1.50g
3.59g

62
76
91
106
108
100
87
34

0.5416
–
–
0.5397
–
0.5378
0.5407
0.5385

10
–
–
6
–
4
7
12

710
–
–
700
–
675
800
600

50
–
–
175
–
475
–
–

a

Bulk metal ratio, X-ray fluorescence spectrometry; in brackets, surface metal ratio, X-ray
photoelectron spectroscopy. b Ga content, X-ray fluorescence spectrometry. c Cell parameter, X-ray
diffraction analysis. d Average crystallite size, X-ray diffraction analysis. e Temperature of surface
reduction, temperature-programmed reduction in H2 . f Oxygen storage capacity, thermogravimetric
analysis in H2 flow at 473 K. g Values referred to aluminum or indium.

elastic band algorithm;[94] a vibrational analysis of the potential transition state structure was
performed to fully characterize the saddle points. For these calculations, only selected atoms
were allowed to relax (H2 molecule and neighboring atoms). The (111) termination of the fluorite
CeO2 structure in a p(3×3) supercell was chosen to model the slab. The gallium-containing slab
was modeled by replacing one surface cerium by a gallium site; one hydrogen atom was included
to keep formal charges as Ce4+ , Ga3+ , O2− , H+ . The compositions of the slabs were Ce36 O72
for pure ceria and Ce35 GaO72 H for gallium-promoted ceria, corresponding to Ce:Ga = 97:3.

4.4. Results and Discussion
4.4.1. Catalyst Characterization
There is an extensive literature on synthetic methods that can be applied for preparing
promoted ceria catalysts. The most employed techniques are solid-state synthesis, flame
combustion, co-precipitation, sol-gel synthesis, ultrasonic spray pyrolysis, and electrochemical
deposition.[159] In all cases, the control of the preparation method can guarantee to produce a
truly homogeneous incorporation of the promoter into the ceria phase, avoiding the deposition
of small clusters of the guest metal on the surface.[169] Herein, the promoted CeO2 catalysts
were primarily synthesized by co-precipitation. This method has been successfully applied
for preparing Zr, Ta, and Nb-containing CeO2 .[170,171] The chemical composition and textural
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properties of the mixed Ce-Ga solid oxides are summarized in Table 4.1, and compared with
those of pure CeO2 . The total concentration of Ga in the catalysts, determined by XRF,
ranges between 0.4 and 8.8 wt.%; no considerable difference between the bulk and the surface
Ga:(Ce+Ga) ratio is noticed. XRF also confirmed the high purity of the materials, which contain
no traces of other metals. The XRD patterns (Figure 4.1a) exhibit relatively broad reflections
that can be indexed to the fluorite structure of ceria; no phase separation is detected, even
at the highest concentration of gallium in the samples. The average crystallite size of pure
CeO2 , calculated by the Scherrer equation, is ca. 10 nm. Smaller crystallites are obtained in the
gallium-containing samples (ca. 6 nm for Ce95 Ga5 Ox , and 4 nm for Ce80 Ga20 Ox ), in line with
the increased total surface area of the promoted oxides, which reaches values around 100 m2 g−1
(Table 4.1). A shift to higher angles of the characteristic ceria reflections is noticed over the
Ga-containing materials, pointing to the formation of the corresponding solid solutions. The
lattice parameters of Ce95 Ga5 Ox (a cell = 0.5397 nm) and Ce80 Ga20 Ox (a cell = 0.5378 nm) are
smaller than that of CeO2 (a cell = 0.5463 nm); the shrinkage of the lattice further confirms
the substitution of Ce4+ with Ga3+ in the fluorite lattice. The catalysts were also characterized
by transmission electron microscopy (Figure 4.2). The crystals exhibit a truncated octahedronlike morphology and form small agglomerates. The micrographs further confirm the decreased
particle size in the gallium-containing samples. The selected-area diffraction patterns in the
insets reveal that the Ga-promoted catalysts have the fluorite structure of ceria. The elemental
maps in Figure 4.3 show the uniform distribution of Ce and Ga within the particles, further

Figure 4.1. X-ray diffraction (a) and temperature-programmed reduction in H2 (b) of the Gapromoted ceria catalysts and of the pure oxides.
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Figure 4.2. High-resolution transmission electron microscopy of CeO2 (a), Ce95 Ga5 Ox (b),
Ce80 Ga20 Ox (c), and Ga2 O3 (d). The electron diffraction patterns in the insets evidence that the
promoted ceria catalysts have the fluorite structure. The scale bar applies to all micrographs.

supporting the presence of CeGaOx solid solutions, even at the highest gallium content, as well
as the absence of small CeO2 or Ga2 O3 clusters on the surface of the catalyst. The H2 -TPR
profiles in Figure 4.1b show a characteristic peak at around 600-800 K, assigned to the reduction
of surface oxygen species.[144] This peak shifts to lower temperatures when the concentration
of gallium is increased, as also indicated by the temperature of surface reduction in Table 4.1,
suggesting that gallium enhances the reducibility of ceria. Determination of the oxygen storage
capacity, OSC, by thermogravimetric analysis supports these results, revealing that the mixed
CeGaOx oxides can store up to ten times more oxygen than pure CeO2 (Table 4.1). This result
indicates the much greater reducibility of Ce4+ in the gallium-promoted cerias.[165,167]
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Figure 4.3. Z -contrast transmission electron micrograph of Ce80 Ga20 Ox (a) and respective energydispersive X-ray spectroscopy elemental mapping of Ce (b) and Ga (c), and the Ce and Ga overlay
map (d). The scale bar applies to all micrographs.

4.4.2. Activation of H2
In an attempt to understand the improved reducibility of CeGaOx , periodic Density Functional
Theory calculations were performed. Different reaction pathways for the dissociation of
molecular H2 were analyzed. The possible species are detailed in Figure A.13, Appendix A and,
for the sake of clarity, only the most favorable configurations are described in the manuscript.
The energy profile on pure and Ga-containing ceria is displayed in Figure 4.4a. The reaction
starts with the adsorption of molecular hydrogen. This step is exothermic and releases 0.02 eV
(2 kJ mol−1 ) over CeO2 and 0.08 eV (8 kJ mol−1 ) over CeGaOx . The transition structures
involve the stretching and splitting of the H-H bond; the corresponding activation energies
are 1.00 eV (96 kJ mol−1 ) over CeO2 and only 0.19 eV (18 kJ mol−1 ) over Ga-containing
CeO2 ; the former value, in particular, is in agreement with the literature.[148,154] The much
lower activation energy over CeGaOx can be correlated with the distance of the H-H bond in
the transition state configuration (Figure 4.4b): this distance is 0.83 Å over the Ce-Ga solid
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Figure 4.4. Energy profile of the activation of hydrogen on CeO2 (111) and Ce35 GaO72 H (a) and the
corresponding most stable structures for the initial, transition, and final states of the reaction (b).

solution, which represents only a small elongation with respect to the gas-phase H-H bond
(0.74 Å). This distance is considerably smaller than that found over pure ceria (1.59 Å). It
should be stressed that we have modeled the homolytic dissociation of H2 on two oxygen
species. Recently, an alternative mechanism involving the heterolytic splitting of H2 , favored by
the surface electrostatic field between the Ce and O centers, and forming CeH hydride and OH
intermediates, has been reported. According to García-Melchor and López,[148] the CeH/OH pair
is 0.75 eV higher in energy than the reference (0.55 eV in our model) and leads to a transition
state with the H-H distance of 1.29 Å. The transition state energy leading to the final hydroxyl
groups (OH/OH pairs) is 1.08 eV, whereas that of the direct path is reported to be of 1.21 eV.
Hence, the energy barrier for H2 splitting in the newly proposed mechanism is 0.13 eV lower.[148]
Assuming that this mechanism can be applied to our system, we expect our value (1.00 eV)
to be lowered by roughly the same order of magnitude (0.10 eV). This does not significantly
affect the conclusions of our study. The activation of hydrogen leads to the final structures,
which are exothermic by –2.31 eV (223 kJ mol−1 ) over CeO2 and –0.68 eV (66 kJ mol−1 ) over
Ga-containing CeO2 , in close agreement with earlier works.[148,154] As depicted in Figure 4.4b,
the final configurations are very different. Whereas pure ceria forms two equivalent OH groups,
the gallium-containing surface generates stable OH and GaH species. The formation of GaH is
in line with the IR results (vide infra) and indicates heterogeneous dissociation of H2 , forming
H+ and H− ions. Thus, the incorporation of gallium appears to change the elementary steps of
the reaction, by breaking hydrogen more efficiently than over pristine ceria.
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This enhanced ability to activate hydrogen also influences the reducibility of the surface.
The energy cost for the formation of an oxygen defect has been used as a reactivity index for
assessing this aspect. In general, the lower the energy, the easier it is to form oxygen vacancies
and to reduce the catalyst. The formation energy of O vacancies is 2.65 eV (254 kJ mol−1 ) over
CeO2 and 1.45 eV (139 kJ mol−1 ) over Ce-Ga oxide with a Ce:Ga = 97:3. This highlights that the
promoted oxide is more prone to create defects, in line with the H2 -TPR and OSC data. It is thus
expected that Ga-promoted ceria presents a higher number of oxygen vacancies than pure ceria,
as can be concluded from a thermodynamic DFT analysis shown in Figure A.14. The propensity
to form oxygen vacancies is enhanced even more by the increased surface concentration of Ga.
For example, it has been reported that the formation energy of defects is only 2.54 eV for a
bulk supercell with composition Ce24 Ga8 O60 (in the same conditions, bulk CeO2 gives 3.23 eV
and bulk Ga2 O3 gives 4.00 eV).[167] Whereas the improved activation of hydrogen is beneficial
for applications of ceria in hydrogenation, the stronger tendency of the oxide to form vacancies
is adverse, since all reactions intermediates are adsorbed on oxygen species.[147] Thus, these
theoretical results already suggest that only by controlling the amount of promoter it is possible
to achieve an optimal catalytic activity.
In order to validate these results, in situ infrared spectroscopy in DRIFT mode were
conducted, monitoring the isothermal reduction of selected catalysts in H2 flow. Prior to data
acquisition, the pretreatment at 623 K allowed us to removed most of the carbonates present on
the samples. A (rather small) band assigned to carbonate species (1700-1200 cm−1 ) still remains
on the spectra after pretreatment. Additionally, part of the surface hydroxyl groups (30003700 cm−1 ) could not be removed. To properly clean the surface, a much higher pretreatment
temperature would be required, with the consequence of reducing the active surface area of the
catalysts and dramatically affect the activity of the materials. Although such surface species
might have an impact on the catalytic reactivity of ceria (as they reduce the total number
of active sites), a slight discrepancy between the collected results and the performance of Gapromoted ceria can be anticipated, as the influence of such surface groups is proportional
to the exposed surface ceria. Figure 4.5 shows the time evolution of the symmetry-forbidden
2f 5/2 → 2f 7/2 electronic transition of Ce3+ (band at 2120 cm−1 ) and the stretching mode of the
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Figure 4.5. Evolution of the concentration of the Ce3+ and Ga3+ -H species over Ce90 Ga10 Ox (a)
and Ce80 Ga20 Ox (b) monitored by diffuse reflectance infrared Fourier transform spectroscopy under
flowing H2 at 523 K.

GaH surface bond (band at 1960 cm−1 ).[172,173] Due to the low signal-to-noise ratio, only the
results for Ce90 Ga10 Ox and Ce80 Ga20 Ox are shown. However, identical trends were obtained over
Ce99 Ga1 Ox , Ce98 Ga2 Ox , and Ce95 Ga5 Ox . In general, the concentration of GaH rapidly increases,
reaching a maximal value, and then drops as the concentration of Ce3+ arises. This trend,
confirmed also at higher temperature (Figure A.15), corroborates that gallium facilitates the
dissociation of H2 and the stabilization of atomic H species on the catalyst surface, as predicted
by DFT. The GaH species are consumed, on the other hand, during the ceria reduction process,
giving rise to Ce3+ species and, simultaneously, oxygen vacancies. Despite the very similar total
surface area of Ce80 Ga20 Ox and Ce90 Ga10 Ox (100 and 108 m2 g−1 , respectively) which would
point to an identical reducibility of the Ce90 Ga10 Ox and Ce80 Ga20 Ox samples in accordance with
the literature,[144] Figure 4.5 shows that the IR band of Ce3+ in Ce80 Ga20 Ox is approximately 1.5
times higher than that of Ce90 Ga10 Ox . Normalized to the surface amount of CeO2 (Table 4.1),
this factor is even higher (1.94). Therefore, the increased Ce3+ infrared signal over Ce80 Ga20 Ox
in comparison with that over Ce90 Ga10 Ox is a clear indication of the increased amount of
surface Ce3+ , which can be related to the higher (doubled) concentration of gallium. Notably,
it would be helpful to be able to quantify by infrared spectroscopy the activation energy for
the dissociation of H2 on CeO2 . However, on cerium oxide, there are no elementary steps that
can be easily followed by IR as in the case of Ga-H formation.
Overall, the theoretical calculations and the infrared spectroscopic results enables the
postulation of a global H2 activation mechanism involving the key participation of Ga3+ -O
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Table 4.2. Energy barriers (E a ), kinetic coefficient (k 1 ) and initial reaction rate (r 1 0 ) for
the activation of H2 on the gallium-promoted ceria catalysts. The values were retrieved
from the microkinetic analysis.
Sample
Ce90 Ga10 Ox
Ce80 Ga20 Ox

E a (step 1)
(kJ mol−1 )

E a (step 2)
(kJ mol−1 )

k 1 (423 K)
(mmol H2 nm2 h−1 gsite −1 )

r 1 0 (423 K)a
(mmol H2 h−1 g−1 )

26.8
27.6

87.9
87.1

68.0
83.7

8.0
11.5

surface groups in the hydrogenation.[165–167] This consists in the heterolytic splitting of H2 to
produce hydroxyl and GaH groups, which are responsible for the facile reduction of Ce4+ to
Ce3+ :

Ga3+ -O + H2  H-Ga3+ -OH

(step 1)

H-Ga3+ -OH + 2Ce4+ + OH−  Ga3+ -OH + 2Ce3+ + H2 O

(step 2)

The mechanism predicts that, as the reduction of Ce4+ progresses, the amount of Ga3+ O sites able to chemisorb H2 decreases. Thus, the generation of Ce3+ , with the concomitant
formation of oxygen vacancies, leads to a decrease in the amount of available Ga3+ -O species.
Using these steps as well as the direct reduction of Ce4+ by H2 to Ce3+ and H2 O (step 3),
a ‘lumped’ microkinetic model describing the activation of H2 on the promoted ceria was
derived.[165–167] The solid lines in Figure 4.5 represent the fitted evolution of the Ce3+ and GaH
signals. Unfortunately, due to the low signal-to-noise ratio, the step 3 could not be determined
independently at 523 K, as originally expected.[167] The stepwise model can be used to estimate
the activation energy, the pseudo-first order kinetic constant, and initial reaction rate of the
first step of the mechanism (Table 4.2). In particular, the energy required to split H2 and form
GaH (E a (step 1) = 27 kJ mol−1 ) is three times lower than that for the reduction of Ce4+
(E a (step 2) = 87 kJ mol−1 or E a (step 3) = 92 kJ mol−1 ).
4.4.3. Hydrogenation of alkynes
The catalysts were tested in the gas-phase hydrogenation of ethyne and methylethyne. The top
part of Figure 4.6 depicts the influence of temperature on the activity and olefin selectivity
of CeO2 and CeGaOx . The turnover frequency over pure CeO2 shows the previously reported
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Figure 4.6. Turnover frequency and ethene selectivity as a function of temperature (top) and
H2 :alkyne ratio (bottom) in ethyne (a) and methylethyne (b) hydrogenation over CeO2 (circles) and
Ce95 Ga5 Ox (squares). The influence of temperature on the activity and product selectivity was studied
at H2 :alkyne = 30, while the influence of H2 :alkyne ratio was assessed at T = 373 K. Other conditions:
τ = 0.3 s and P = 1 bar.

volcano behavior,[162] increasing when the temperature increases from 323 to 473 K, reaching its
maximum, and abruptly decreasing at higher temperatures. This drop is due to the extensive
reduction of the ceria surface.[162] The trend over Ce95 Ga5 Ox is similar; however, the maximal
activity in both reactions occurs at a lower temperature (423 K). This correlates well with
the H2 -TPR characterization, displaying a 50 K decrease in the temperature at which the
Ga-containing material begins to be reduced (Figure 4.1b). Therefore, the easier reducibility
of CeGaOx leads to a drop in activity at lower temperature. This shift is accompanied by
an increase in reactivity. In fact, fixing the TOF at 60×10−3 h−1 , the Ga-containing catalyst
attains the same ethyne and methylethyne hydrogenation activity of CeO2 at a 100 K lower
temperature, which point to the occurrence of less surface reduction over the Ce-Ga solid
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solution at low temperature. Since pure Ga2 O3 was catalytically inactive at all conditions, this
result confirms that the presence of gallium into the ceria lattice is responsible for the improved
activity of CeO2 . From the data in Figure 4.6a, in the temperature range of 323-423 K (where
no surface reduction is observed), it is possible to estimate the apparent activation energy of the
catalysts in ethyne hydrogenation, leading to values of 33 kJ mol−1 for CeO2 and 18 kJ mol−1
for Ce95 Ga5 Ox (Figure A.16). The discrepancy between the experiment and the DFT-calculated
values is not fully clear at this point but can be related to the temperature and pressure gaps of
the calculations and to the choice of a model surface, without considering the presence of more
reactive ((110) and (100)) or stepped (211) facets responsible for an easier H2 dissociation.[164]
Nevertheless, the reduced activation energy of CeGaOx with respect to CeO2 verifies that Ga
partakes in the activation mechanism of hydrogen.
The bottom part of Figure 4.6 shows the influence of the feed H2 :alkyne ratio on the
activity and olefin selectivity of CeO2 and CeGaOx in ethyne and methylethyne hydrogenation.
The turnover frequency in both reactions increases linearly with the inlet partial pressure
of hydrogen. The selectivity to ethene in ethyne hydrogenation increases from 78% (at
H2 :C2 H2 = 10) to 80% (at H2 :C2 H2 = 30) over CeO2 and from 83% (at H2 :C2 H2 = 10) to 95%
(at H2 :C2 H2 = 30) over Ce95 Ga5 Ox , indicating that the promotion with Ga suppress undesired
pathways in ethyne hydrogenation. The selectivity to propene in methylethyne hydrogenation
remains mostly unchanged at 95-97% over pure and promoted ceria.

Figure 4.7. Selectivity to alkene (gray), alkane (black), and oligomers (white) in ethyne (a) and
methylethyne (b) hydrogenation. The turnover frequency at each condition can be deduced from
Figure 4.6; the experimental conditions are detailed in the caption of the same figure.
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Figure 4.8. Ethyne conversion (squares) and ethene selectivity (circles) over Ce95 Ga5 Ox versus timeon-stream. The reaction was performed at T = 423 K, τ = 0.3 s, and P = 1 bar in different feed
mixtures: (A) 2.5 vol.% C2 H2 , 75 vol.% H2 and (B) 2.5 vol.% C2 H2 , 10 vol.% C2 H4 , and 75 vol.% H2 .
He was the balance gas.

Figure 4.7 highlights the product distribution at selected reaction conditions over CeO2
and Ce95 Ga5 Ox . Oligomers comprise the main secondary product in ethyne and methylethyne
hydrogenation and are favored at high temperature and low hydrogen coverage (H2 :C2 H2 = 10).
The selectivity to the over-hydrogenated hydrocarbon over CeO2 does not exceed 8% in ethyne
hydrogenation and 4% in methylethyne hydrogenation, despite the high H2 content in the feed.
Over CeGaOx , the alkane selectivity is constantly less than 2%. Upon co-feeding of the olefin in
ethyne hydrogenation (Figure 4.8), the Ce95 Ga5 Ox catalyst retains the remarkably high ethene
selectivity (86%), and the remaining products were oligomers (13%) and ethane (<1%). The
evident drop in activity during C2 H2 hydrogenation in excess ethene is due to the competitive
adsorption of ethene and ethyne on the catalyst, as demonstrated in earlier reports.[147]
Additional tests over CeO2 and Ce95 Ga5 Ox in mixtures of ethene and hydrogen or propene
and hydrogen have further confirmed the inactivity of the sample in alkene hydrogenation in
the range of conditions investigated. This has been ascribed to the large energy barriers for the
over-hydrogenation steps over ceria-based catalysts.[147,174]
Figure 4.9 depict the performance of the CeO2 -based catalysts with variable Ga content.
The figure indicates that there is an optimum in the concentration of gallium in the sample.
In fact, materials with a low Ga content (Ga:(Ce+Ga) < 0.02) hardly excel the performance
of non-promoted ceria because of the insufficient influence of Ga on lowering the H-H bond
cleavage; at high content of Ga (Ga:(Ce+Ga) > 0.10), the extensive surface reduction leading to
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oxygen removal has an adverse effect on the performance. The activity enhancement of the Gacontaining sample is not caused by the preparation method. In fact, as depicted in Figure A.17,
by preparing the Ce95 Ga5 Ox catalyst via solid-state synthesis followed by calcination at high
temperature, we were able to obtain a solid solution, as confirmed by the shift in the XRD
reflections. Applied in ethyne hydrogenation, the material was still more active and selective
than CeO2 .
4.4.4. Role of Ga in CeO2 catalyzed hydrogenation
Experimental and theoretical results evidence that gallium enhances the hydrogenation
performance by providing an alternative mechanism of hydrogen splitting to the reaction
pathway on pure ceria.[147] This mechanism involves the formation of surface hydride species
on the Ga-containing sample. The selection of a trivalent cation as promoter, such as Ga,
appears to be crucial for enhancing the ceria activity, since these metals create a lattice strain,
increasing the distance between O-O and enlarging the diffusion path of mobile ions.[175] In
order to assess the importance of the H2 dissociation step to rationalize the catalytic results,
we have calculated by DFT the energy profile for the partial hydrogenation of ethyne to ethene
(Figure A.18), considering only the thermodynamic stability of the intermediates reported in
the literature,[147] assuming that the transition structures over pure and promoted ceria are
similar, both in geometry and energy. The obtained profile is very similar on pure and Ga-

Figure 4.9. Turnover frequency (solid symbols) and ethene selectivity (open symbols) in ethyne
hydrogenation as a function of Ga content in the ceria catalysts. Conditions: T = 423 K, H2 :C2 H2 = 30,
τ = 0.3 s, and P = 1 bar.
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promoted ceria in the steps involving organic moieties. The splitting of the H-H bond seems to
be the only step in the mechanism being affected by the presence of gallium. Besides, the degree
of reduction of the ceria slabs was found to be irrelevant for the H2 dissociation step and for
the ethyne hydrogenation pathway, since this only influences the total number of active sites.
In fact, the energy barrier for H2 dissociation is ca. 1 eV on both stoichiometric and reduced
CeO2 (Figure A.18).[147]
Because of its efficiency in activating hydrogen, the Ga-promoted samples are also more
prone to surface reduction and, as confirmed by H2 -TPR, more easily form oxygen vacancies.
The latter are known to be detrimental for the hydrogenation activity.[162] Therefore, an
optimal catalytic process over promoted cerias can be engineered by tuning the surface
gallium concentration in the mixed oxide and the operating conditions. High Ga contents
and temperatures are adverse due to the excessive formation of oxygen vacancies. We found
an optimal catalyst composition at a molar Ce:Ga ratio of 95:5, in which the benefit of the
improved H2 activation by gallium surpasses the concomitant increase of oxygen vacancies,
leading to a net catalytic benefit. Therefore, we believe that it is not wise to derive structureperformance relationships of ceria catalysts by simply comparing the reducibility and oxygen
storage properties of various samples at a defined temperature. Because of the dynamic redox
properties of CeO2 , at high temperature the Ga-promoted oxides show higher OSC than pure
ceria. As the OSC is linked to the amount of surface vacancies, it might appear that the Gacontaining samples are not appropriate for applications in hydrogenation catalysis. However, it
is only by comparing the OSC of the various samples at the temperature where each catalyst
attains the optimal activity that it is possible to acquire a flavor of the hydrogenation behavior.
4.4.5. Extrapolation to other metals
Since the promotion effect observed over the CeGaOx oxides appears to be directly linked to the
enhanced reducibility of ceria, based on this descriptor, we have assessed the role of other metals
in promoting the catalytic behavior of ceria in hydrogenation. Particularly, we have prepared
ceria-based samples containing aluminum (CeAlOx ) and indium (CeInOx ), using a Ce:promoter
ratio of 95:5. Characterization of the samples by XRD (Figure 4.10a) reveals characteristic
reflections which are indexed to the fluorite structure of ceria. The average crystallite size is
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Figure 4.10. X-ray diffraction patterns of different promoted ceria catalysts (a), temperatureprogrammed reduction in H2 (b), and turnover frequency and ethene selectivity of different promoted
ceria catalysts in ethyne hydrogenation (c). Conditions: T = 423 K, H2 :C2 H2 = 30, τ = 0.3 s, and
P = 1 bar.

ca. 7 nm for Ce95 Al5 Ox and 12 nm for Ce95 In5 Ox , in line with the low total surface area of
the latter sample (Table 4.1). From the XRD patterns, it is possible to estimate the lattice
parameters of Ce95 In5 Ox (a cell = 0.5385 nm) and Ce95 Al5 Ox (a cell = 0.5407 nm), in comparison
with that of CeO2 (a cell = 0.5463 nm); the shrinkage of the lattice for the In-promoted sample
confirms the penetration of the In3+ cations into fluorite lattice of CeO2 . On the other hand,
the similarity between the lattice parameters of Ce95 Al5 Ox and CeO2 points to formation of
separated Al2 O3 particles. The surface Ce:(Ce+Al) ratio determined by XPS (Table 4.1) differs
from the corresponding bulk value, supporting a non-homogeneous distribution of aluminum.
This might be related to the size of the cations (r(Al3+ ) = 67 pm and r(In3+ ) = 94 pm in
octahedral 6-coordinate configuration) and suggests that cations that are remarkably different
in size compared to Ce4+ (r(Ce4+ ) = 101 pm) cannot easily penetrate into the fluorite lattice.
H2 -TPR (Figure 4.10b) confirms these results, showing the shift to lower temperature over
Ce95 In5 Ox , which could not be observed over the Al-containing samples. The catalytic data in
Figure 4.10c nicely correlate with the H2 -TPR shift, indicating that the In-containing sample
is even more active and selective than the gallium-promoted catalyst.

4.5. Conclusions
We have demonstrated that gallium enhances the activity of ceria in the semi-hydrogenation of
ethyne and propyne. The characterization of mixed Ce-Ga oxides prepared by co-precipitation
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or solid-state synthesis reveals that the progressive incorporation of gallium into the ceria
structure, forming a solid solution, boosts the oxygen storage capacity and the reducibility of
the material. This is ascribed to the facilitated H2 activation on the Ga-containing samples,
which leads to an enhanced catalytic activity. The interplay between the advantage brought by
the decreased barrier for H2 cleavage and the disadvantage arising from the increased number
of oxygen vacancies governs the reactivity of the CeGaOx catalysts in alkyne hydrogenation.
Thus, it is possible to find an optimum at a molar Ce:Ga ratio of 95:5. The remarkable
selectivity of the mixed oxide to ethene or propene (80-97%) was preserved when excess alkene
was added to the feed. Indium was also identified as an effective promoter, following the same
mechanistic principle as gallium. This chapter comprises the first application of promoted cerias
in hydrogenation catalysis, leading to a temperature reduction for the gas-phase alkyne semihydrogenation from 473 K (CeO2 ) to 373 K (Ce95 Ga5 Ox and Ce95 In5 Ox ).

Chapter 5
Non-Palladium Catalysts
for Three-Phase Alkyne Hydrogenation
5.1. Introduction
Driven by the quest to reduce the use of stoichiometric reagents and maximize productivity, the
search for innovation in the fine chemical and pharmaceutical industries has accelerated over
the last decade.[12] An elegant approach for adapting current operations to more sustainable
practices involves the use of continuous-flow reactors and ultra-selective heterogeneous
catalysts.[176] For example, the liquid-phase semi-hydrogenation of acetylenic compounds is an
important step for the industrial synthesis of cis-alkenes, building blocks for drugs, vitamins,
fragrances, and agrochemicals.[20] This reaction is usually carried out in (semi-)batch mode
over Lindlar-type catalysts, which consist of 5 wt.% palladium supported on calcium carbonate
or barium sulfate, poisoned with lead, and sometimes further modified with quinoline.[21–23]
Continuous-flow fixed-bed micro-reactors can offer a number of advantages, such as improved
mass and heat transfer and controlled residence time, enabling the attainment of superior
product selectivity and a high space time yield, a more efficient energy use due to a better
temperature control, and the possibility of intensified processes by applying numbering-up
and scaling-out principles.[70,71,177] Besides, the suboptimal utilization of the high palladium
content[32] and the presence of toxic additives (i.e., lead and quinoline) on the catalyst encourage
the search for more environmental friendly materials.[60,61]
An alternative approach to catalyze the semi-hydrogenation of alkynes comprises the
use of materials (tailored metal nanoparticles and metal oxides) which do not readily
activate hydrogen. The limited hydrogen coverage and hydride formation can hinder undesired
reaction pathways, such as over-hydrogenation and isomerization. For example, silver and gold
nanoparticles have shown an excellent selectivity in the gas-phase hydrogenation of ethyne,
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propyne and 1,3-butadiene, owing to the preferential adsorption of the triple bond at the edges
of the metal nanoparticles.[28,81,155,178,179] Similarly, the discovery that pure CeO2 catalyzes the
gas-phase semi-hydrogenation of ethyne and propyne to the corresponding olefins, attaining
high olefin selectivities (86% to ethene and 91% to propene in the hydrogenation of ethyne and
propyne, respectively), has recently broadened the scope of metal oxides in catalysis.[147,162,164]
However, an in-depth analysis of the performance of these materials in liquid-phase alkyne
hydrogenation has not been conducted thus far.
Exceptionally, Yamamoto and co-workers have studied the performance of bulk gold foils
(5×2 mm) in the three-phase hydrogenation of acetylenic compounds, using organosilane as
the hydrogen source and moderate temperatures and pressures.[178] The authors claimed that
gold cannot catalyze the reaction in the liquid phase unless hydrogen atoms are supplied to
the metal surface by dehydrogenation of organic moieties and proton discharge.[178] However,
nanoparticles with well-defined surface defects (e.g., steps, edges and kinks) can exhibit catalytic
properties unobservable over bulk materials, including an enhanced H2 activation,[180,181] which
can improve the hydrogenation ability of these catalysts.
In this chapter, we have assessed the performance of supported silver, gold, and ceria-based
nanocatalysts for the three-phase hydrogenation of alkynes under flow chemistry conditions.
The excellent alkene selectivity over Ag, Au, and CeO2 has been compared with that of state-ofthe-art Pd-based catalysts. The results provide insights into the design of efficient modifier-free
hydrogenation catalysts that can be applied for continuous manufacture of cis-alkenes in the
fine chemical and pharmaceutical industries.

5.2. Experimental
5.2.1. Catalyst Preparation
Prior to use, SiO2 (Evonik, 99.8%), TiO2 -anatase (Sigma-Aldrich, 99.7%), γ-Al2 O3 (Merck,
99%), δ-Al2 O3 (Saint-Gobain NorPro, >99.5%), ZrO2 (Saint-Gobain NorPro, >99.8%), and
activated carbon (Sigma-Aldrich, Norit) were calcined in static air at 773 K for 4 h (heating
rate = 5 K min−1 ). Silver catalysts with a nominal metal loading of 1 wt.% were synthesized by
spray deposition and incipient wetness impregnation using AgNO3 (Sigma-Aldrich, 99.9%) as
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the silver precursor. The spray deposition method[85] was performed with a Büchi Mini Spray
Dryer B-290 equipped with a two-fluid nozzle of 1.4 mm in diameter. Silver nitrate (0.03 g)
was dissolved in deionized water (20 cm3 ), followed by the addition of the support (2 g). The
resulting suspension was pumped at 3 cm3 min−1 into the two-fluid nozzle, together with a
spray air flow of 0.5 m3 h−1 . The inlet temperature was set at 493 K, the aspiration rate
at 35 m3 h−1 , and the outlet temperature was 383 K. The dried particles were separated in a
cyclone. The incipient wetness impregnation was performed by dissolving silver nitrate (0.016 g)
in deionized water (1.5 cm3 ) and by adding SiO2 (1 g) to the solution. The resulting powder
was dried in a Labconco FreeZone Plus 2.5 L Cascade Benchtop Freeze Dry System at 40 K
and 0.02 bar. In order to vary the average silver particle size, the silver catalysts after spray
deposition and incipient wetness impregnation were activated in static air or flowing N2 or
5 vol.% H2 /He (42 cm3 min−1 ), at different conditions of temperature and time (Table 5.1),
using a heating rate of 5 K min−1 . The gold catalysts were prepared by sol immobilization.[182]
HAuCl4 ·3H2 O (0.05 g, ABCR-Chemicals, 99.99%) was dissolved in deionized water (1 cm3 ),
followed by the addition of an aqueous solution of 2 wt.% poly(vinylalcohol) (ABCR-Chemicals,
98-99%) (poly(vinylalcohol)/Au mass ratio = 1). The resulting emulsion was mixed with a
solution of 0.1 M NaBH4 (Sigma-Aldrich, >96%) (NaBH4 /Au mass ratio = 1), forming Au0
colloidal nanoparticles. The colloids were immobilized on the support under vigorous magnetic
stirring for 2 h. The slurry was filtered and the solids were washed with deionized water, dried
at 383 K for 24 h, and activated under flowing N2 (42 cm3 min−1 ) at 623-1173 K for 3 h
(heating rate = 5 K min−1 ). The CeO2 /TiO2 catalysts were prepared by wet impregnation
of the support (1 g) with 9 M HNO3 aqueous solution of cerium ammonium nitrate (2 cm3 ;
Sigma-Aldrich, >98%). In fact, the use of an acidic medium during the impregnation enhances
the dispersion of the ceria phase to provide the supported catalysts with relatively small
CeO2 nanoparticles.[129,130] The impregnated catalyst was collected by filtration, washed with
deionized water, dried at 333 K for 12 h, and calcined in static air at 773 K for 4 h (heating
rate = 5 K min−1 ). The reference gold (1 wt.% Au/TiO2 , S BET = 51 m2 g−1 , Strem Chemicals,
ref: 79-0165) and the Lindlar catalysts (5 wt.% Pd 3 wt.% Pb/CaCO3 , S BET = 10 m2 g−1 , Alfa
Aesar, ref: 043172, were used as received.
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5.2.2. Catalyst Characterization
The Ag, Au, and Ce content in the solids was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) using the Horiba Ultra 2 instrument. The purity of the
sample was further verified by X-ray fluorescence spectroscopy, using an Orbis Micro-EDXRF
analyzer, equipped with a 35 kV Rh anode and a silicon drift detector. Nitrogen isotherms
at 77 K were measured in a Micromeritics TriStar II instrument. Prior to the analysis, the
samples were evacuated at 473 K for 10 h. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was undertaken in a FEI Tecnai F30 FEG operated at
300 kV. High-resolution transmission electron microscopy were performed on a FEI Titan Cs
microscope equipped with a field-emission gun, a Gatan Tridiem filter, and an energy-dispersive
X-ray (EDX) analyzer and operated at 300 keV. The spherical aberration was corrected by using
a CEOS Cs-corrector. The acquired images were processed to obtain the power spectra, which
were used to measure interplanar distances and angles for phase identification. For the energyfiltered transmission electron microscopy (EFTEM) of O, Ti, and Ce, the O K edge at 530 eV, Ti
L edge at 456 eV, and Ce N edge at 110 eV were analyzed. CeO2 and TiO2 phases were assigned
according to ICSD number 246969 and 63711, respectively. X-ray photoelectron spectroscopy
(XPS) was performed on a VG-Microtech Multilab 3000 spectrometer featuring a hemispheric
electron analyzer with 9 channeltrons and non mono-chromatized Al Kα radiation at 1486.6 eV.
The catalysts were pretreated at 393 K under flowing He (20 cm3 min−1 ) for 60 min, and
reduced in situ at 348 K under flowing 5 vol.% H2 /He (20 cm3 min−1 ) for 30 min. The spectra
were collected under ultra-high vacuum conditions (residual pressure of ca. 5×10−8 Pa) at
a pass energy of 50 eV. For the Ag and Au catalysts, all binding energies were referenced
to the C 1s level at 284.6 eV. For the CeO2 catalysts, the binding energy was calibrated by
internal referencing to the Ce 3d (916.7 eV) hybridization state of Ce4+ to correct for small
charging effects. The Ce/Ti ratio of the sample was calculated from the Ce 3d and Ti 2p states
after Shirley background subtraction by normalizing the peak areas with the corresponding
cross sections, the transmission function of the lens system at the appropriate photoelectron
kinetic energy, and with an inelastic mean free path correction to account for the different
information depth of the Ce 3d and Ti 2p states. The XRD measurement was performed
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by using a Bruker AXS D8 Advance Davinci diffractometer equipped with a Ni filter and a
Lynxeye position sensitive detector (Cu Kα radiation) in Bragg-Brentano geometry with a
fixed divergence slit. The XRD data were analyzed by whole powder pattern fitting according
to the Rietveld method by using the Topas software. Peak profiles were fitted by convolution of
an instrumental contribution following the Fundamental Parameters approach, with a sample
contribution based on the Double-Voigt approach. H2 -TPR was performed by using a Thermo
TPDRO 1100 unit equipped with a thermal conductivity detector. The catalyst (50 mg) was
loaded in the quartz micro-reactor (11 mm i.d.), pretreated in He (20 cm3 min−1 ) at 473 K for
30 min, and cooled to 323 K in He. The analysis was performed in 5 vol.% H2 /He (20 cm3 min−1 ),
and the temperature was ramped from 323 to 1173 K at 5 K min−1 . Differential heats of
adsorption were measured by using a Setaram MS70 Calvet calorimeter. The calorimeter was
combined with a custom-made high-vacuum and gas dosing apparatus described elsewhere. The
sample was pretreated in O2 at 523 K and 1 bar for 1 h. After evacuation, a second pretreatment
in H2 at 0.1 bar and 423 K for 1 h was performed to mimic the reducing conditions under the
hydrogenation reaction. The catalyst was finally degassed overnight. 1-hexyne was stepwise
introduced into the evacuated cell at 353 K, and the pressure evolution and heat signal were
recorded for each dosing step. The adsorption isotherm was derived from the dosed amount and
the equilibrium pressure, and the differential heats of adsorption were calculated by converting
the thermal signal into heat by using the calorimeter calibration factor and dividing the heat
by the number of molecules adsorbed in the corresponding step.
5.2.3. Catalyst Evaluation
The three-phase hydrogenation of acetylenic compounds was carried out in a fully-automated
continuous-flow flooded-bed micro-reactor (ThalesNano H-Cube ProTM ), in which the liquid
alkyne and the gaseous hydrogen flow concurrently upward through a fixed bed of catalyst
particles. The catalyst (0.5 g for the Ag and Au catalysts, 0.1 g for the Pd catalysts,
and 0.85 g for the CeO2 catalyst, particle size: 0.2-0.4 mm) was loaded into a cartridge of
approximately 0.35 cm internal diameter. The acetylenic substrates included 1-hexyne (Acros
Organics, 98%), 3-hexyne (TCI Deutschland, 98%), 2-methyl-1-buten-3-yne (ABCR-Chemicals,
97%), 2-methyl-3-butyn-2-ol (Acros Organics, 98%), ethynylbenzene (Acros Organics, 98%), 9-
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dodecyn-1-ol (ABCR-Chemicals, 98%), 1,1-diphenyl-2-propyn-1-ol (Sigma-Aldrich, 99%), and
3-butyn-2-one (ABCR-Chemicals, 97%). Unless specified, reaction solutions contained 1 vol.%
of alkyne in toluene (Acros Organics, 99.9%) as solvent. When assessing the influence of the feed
concentration of 1-hexyne on the catalytic performance, the amount of substrate was varied
in the range of 1-100 vol.%; in case of alkyne-alkene mixtures, the solutions contained 1 vol.%
of 1-hexyne and 1 vol.% of 1-hexene (Fluka-Chemie, >97%) in toluene. The hydrogenation
reactions were performed at various conditions of temperature (293-373 K), total pressure (140 bar), and liquid (alkyne + solvent and, if applicable, also the alkene: 0.3-3 cm3 min−1 ) and
H2 (3-60 cm3 min−1 ) flow rates. At these conditions, the possible metal leaching during reaction
can be ruled out. The reaction products were collected after reaching steady-state operation (in
ca. 20 min), and analyzed offline using a HP-6890 gas chromatograph equipped with a HP-5
capillary column and a flame ionization detector. The conversion of the substrate i (X (i)) of
alkyne was determined as the amount of reacted alkyne divided by the amount of alkyne at
the reactor inlet and the selectivity of the product j (S (j)) was quantified as the amount of
the particular compound divided by the amount of reacted alkyne. The reaction rate (r) was
expressed as mole of alkene produced per mass of catalyst and unit of time.

5.3. Results and discussion
5.3.1. Characterization of the Ag and Au-Based Catalysts
The total surface area of the support is retained upon incorporation of the metal phase
(Table 5.1) and the actual loading of silver and gold, determined by ICP-OES, is close to
the nominal value (1 wt.%). The smallest Ag and Au nanoparticles are observed for 1 wt.%
Ag/SiO2 prepared by spray deposition and activated in N2 flow at 473 K for 0.5 h (catalyst B,
d particle = 2.0 nm), and for 1 wt.% Au/TiO2 prepared by sol immobilization and activated in
N2 flow at 623 K for 5 h (catalyst G, d particle = 2.7 nm). The activation step of the supported
catalysts has a marked influence on the metal particle size. In fact, upon calcination in static
air and/or higher temperature, the silver and gold catalysts (codes C, H, I, J) display much
larger particles. Therefore, by controlling the activation conditions, it is possible to tune the size
of the silver and gold nanoparticles. The carrier has been also varied, but only slight changes
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Table 5.1. Characterization data of the catalysts.
Code

Catalyst

Preparationa

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

Ag/SiO2

SD, H2 flow, 473 K, 0.5 h
IW, N2 flow, 473 K, 0.5 h
SD, static air, 573 K, 2 h
SD, H2 flow, 473 K, 0.5 h
SD, H2 flow, 473 K, 0.5 h
SI, N2 flow, 623 K, 3 h
SI, N2 flow, 623 K, 3 h
SI, N2 flow, 923 K, 3 h
SI, N2 flow, 1023 K, 3 h
SI, N2 flow, 1173 K, 3 h
SI, N2 flow, 623 K, 3 h
WI, static air, 773 K, 4 h
WI, static air, 773 K, 4 h
WI, static air, 773 K, 4 h
WI, static air, 773 K, 4 h
WI, static air, 773 K, 4 h

Ag/TiO2
Ag/Al2 O3
Au/SiO2
Au/TiO2

Au/C
CeO2 /TiO2

CeO2 /Al2 O3
CeO2 /ZrO2

Ag, Au, or Ceb
(wt.%)

S BET
(m2 g−1 )

d particle c
(nm)

Dc
(%)

1.3
1.3
1.3
1.0
0.9
0.9
1.0
1.0
1.0
1.0
1.0
4.2
8.0
16.2
16.2
16.0

196 (197)d
196
196
58
79 (78)
164
60 (57)
54
52
52
1365 (1341)
52 (49)
51
54
226 (242)
45 (47)

4.4
2.0
21.3
2.8
2.3
6.0
2.7
3.7
8.1
21.0
3.5
-

24
54
5
49
45
19
46
31
14
5
33
-

a

Synthesis technique and atmosphere, temperature, and time of activation. SD: spray deposition;
IW: incipient wetness impregnation; SI: sol immobilisation; WI: wet impregnation. b Metal content,
inductively coupled plasma optical emission spectrometry. c Average metal particle size, d particle , and
metal dispersion, D, scanning transmission electron microscopy. d Total surface area of the carriers
between brackets.

in particle size are detected over the catalysts activated under similar conditions (codes A,
D, E for silver and F, G, K for gold). This suggests that the support has a relatively minor
influence on the stabilization of small nanoparticles. Figure 5.1 shows representative HAADFSTEM micrographs and the associated particle size distributions of selected Ag and Au-based
catalysts with catalytically-optimal average diameter (vide infra). The images show that the
nanoparticles have spherical shapes, resembling the structure of the standard Wulff truncated
cubo-octahedra,[183] with mono-disperse size distribution. This nanoparticle morphology is
largely preserved upon hydrogenation, as confirmed by the microscopy analyses of the used
catalysts (Figure 5.1). The XPS measurements (Figure 5.2) evidence two different Ag 3d 5/2
binding energies at 368 and 371 eV for Ag/SiO2 , and a distinct Au 4f 7/2 binding energy at 83.8
eV for Au/TiO2 , indicating that the surface of Ag is partially oxidized while that of Au is fully
metallic.[184] This result is confirmed for the other supported catalysts (Figure A.19, Appendix
A). In particular, the amount of oxidic silver depends on the type of support and increases with
the order: Ag/SiO2 < Ag/TiO2 < Ag/Al2 O3 .
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Figure 5.1. High-angle annular dark-field scanning transmission electron micrographs of the fresh
(left) and used (middle) catalysts and respective particle size distributions (right) of catalysts A (a)
and G (b) (see Table 5.1 for the description). Grey bars refer to the fresh samples, and white bars
refer to the used catalysts. The insets in the left images show the high-resolution transmission electron
micrographs of the samples. The scale bar applies to all micrographs.

Figure 5.2. Ag 3d (a) and Au 4f (b) core level X-ray photoelectron spectroscopy of catalysts A (a)
and G (b) in Table 5.1.
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Figure 5.3. High-resolution transmission electron micrographs of catalyst N in a region with a high Ce
content. Low (a) and high (b) magnification micrographs and diffraction pattern (c) of the agglomerate
shown in (a). Energy-filtered transmission electron microscopy mapping of O (d), Ti (e), and Ce (f)
corresponding to the micrograph (a). The scale bar in (a) applies to all micrographs (d)-(f).

5.3.2. Characterization of the CeO2 -Based Catalysts
The supported ceria catalysts were prepared by wet impregnation of TiO2 , Al2 O3 , and ZrO2
with cerium ammonium nitrate. The BET surface area of the supports was retained upon
incorporation of the CeO2 phase (Table 5.1). ICP-OES confirmed that the actual Ce loading
is close to its nominal value (Table 5.1) and XRF verified the absence of traces of typical
hydrogenation metals in any of the samples. The size and distribution of the CeO2 nanoparticles
were characterized by different techniques. Microscopy evaluation of 20 wt.% CeO2 /TiO2
(Figure 5.3a) revealed the presence of CeO2 particles in the range of 5-10 nm supported on
TiO2 particles of approximately 15 nm. The ceria phase is accumulated mostly in a specific
region, which is shown in red in Figure 5.3b. The diffraction pattern that corresponds to the
whole catalyst agglomerate with the characteristic lattice planes of TiO2 (101) and CeO2 (111),
(120), and (202) is depicted in Figure 5.3c. The EFTEM maps in Figure 5.3c-f suggest that Ce is
mainly present in the central part of the agglomerate and is absent in the upper left corner. The
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Figure 5.4. High-resolution transmission electron micrographs of catalyst N in a region with a low Ce
content. Low (a) and high (b) magnification micrographs and diffraction pattern (c) of the agglomerate
shown in (a). Energy-filtered transmission electron microscopy mapping of O (d), Ti (e), and Ce (f)
corresponding to the micrograph (a). The scale bar in (a) applies to all micrographs (d)-(f).

Figure 5.5. X-ray diffraction patterns (a) fitted with the TiO2 and CeO2 phases, Ce 3d core level
X-ray photoelectron spectroscopy (b) fitted with Ce3+ and Ce4+ peaks, and temperature-programmed
reduction in H2 (c) of catalyst N.

upper part of Figure 5.3 is further depicted in Figure 5.4; Figure 5.4b shows a portion of it in
which mostly anatase TiO2 can be found. Nevertheless, the elongated crystalline particle in the
white square (enlarged, filtered, and colored in red in the lower inset) can be assigned to CeO2
as shown clearly by the corresponding fast Fourier transform pattern displayed in Figures 5.4b
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and c. EFTEM analysis (Figures 5.4d-f) of the region shown in Figure 5.4a suggests that Ce is
nearly absent, and the few CeO2 particles are circled in white (Figure 5.4f). Hence, microscopy
indicates that the overall distribution of Ce within the sample is heterogeneous, but the ceria
particles found are nevertheless small. XRD of the same catalyst (Figure 5.5a) confirms that
the support phase is solely anatase and indicates the formation of CeO2 with a face-centered
cubic fluorite structure with an average ceria crystallite size of 7.5±0.2 nm. The contribution
to the ceria peaks shows a slight asymmetry, which would not be expected in the case of
peak broadening caused exclusively by the crystallite size and microstrain effects. Hence, a
second ceria phase was introduced in the fit, with peak shape and lattice parameters refined
independently from the first phase. The result looks consistently better over the whole angular
range, which demonstrates that the qualitative nature of the peak asymmetry is the same for all
of the ceria peaks. This result should not be considered in the sense of two distinct ceria phases
that coexist in the sample; instead, it suggests a heterogeneous distribution of lattice parameters
in the ceria phase. The integral near-surface composition has been examined by XPS, and the
Ce/Ti ratio is 0.22, which confirms that ceria does not likely form large particles. The surface
of ceria is partially reduced (28% Ce3+ ), as observed by fitting the Ce 3d core-level spectrum
(Figure 5.5b). The complex Ce 3d structure of cerium oxide arises from the various possible final
states of the O-Ce charge transfer. The reducibility of 20 wt.% CeO2 /TiO2 has been further
investigated by temperature-programmed reduction in H2 ; the profile in Figure 5.5c shows an H2
uptake that increases slowly from 400-900 K, which corresponds to surface reduction and slow
vacancy transport to the subsurface, and a main peak around 1100 K caused by the reduction
of the bulk of the CeO2 particles.
5.3.3. Catalyst Evaluation
The Ag and Au nanocatalysts were first evaluated in the continuous-flow three-phase
hydrogenation of 1-hexyne. Figure 5.6a depicts the catalytic performance as a function of the
average metal size. The reaction rate over the Ag and Au-based catalysts increases when the
particle size is increased from 2 to 5 nm, and abruptly decreases for larger particles. In the
case of Ag, the figure shows the expected volcano dependence with a maximum at 4.5 nm,
indicating that B5 sites are active centers of the reaction.[155] For the gold samples, smaller
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Figure 5.6. Hydrogenation of 1-hexyne over the silver and gold-based catalysts as a function of the
average particle size (a), support (b), temperature (c), and pressure (d). The particle size effect was
studied at T = 373 K and P = 20 bar over catalysts A, B, C, G, H, I and J (Table 5.1). The effect of
the carrier was investigated at T = 373 K and P = 20 bar over catalysts A, D, E, F, G and K. The
influence of the temperature (pressure) was assessed at P = 20 bar (T = 373 K) over catalysts A and
G. All reactions were conducted at F L = 0.3 cm3 min−1 and F G = 60 cm3 min−1 .

nanoparticles of around 2-3 nm are required. On the other hand, the selectivity to 1-hexene
is size independent, being higher than 95%. These findings are in line with earlier studies on
the structure-sensitivity of silver and gold-catalyzed gas-phase alkyne hydrogenation, which
suggested that the reaction follows the Horiuti-Polanyi mechanism over gold and an alkyneassisted H2 splitting mechanism over silver.[28,155] Varying the type of carrier (Figure 5.1b), the
SiO2 and C-supported Au catalysts show remarkably lower activities than 1 wt.% Au/TiO2 .
Considering the equivalent particle size distribution of 1 wt.% Au/C and catalyst H (Table 5.1)
and the different performance (Figure 5.6a and b), this drop cannot be attributed to the
distinct average gold size in the catalysts. Therefore, it suggests that the strong metal-support
interaction between the gold nanoparticles and the reducible TiO2 carrier enhance the reactivity
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of Au, in agreement with the literature. In the case of silver, the reaction rate and the selectivity
to 1-hexene are less dependent on the type of support, although SiO2 appears as the best
material, most likely because it contains a higher amount of metallic silver (Figure A.19).
Figure 5.6c and d display the effects of temperature and total pressure on the performance of
Au/TiO2 and Ag/SiO2 catalysts featuring 2.7 and 4.4 nm particles, respectively. The reaction
rate increases with the increased temperature and pressure. However, this increase in activity
at high operating conditions slightly affects the selectivity to 1-hexene (>95%). Finally, the
effect of the liquid and H2 flow rates on the catalytic activity are displayed in Figure A.20a and
b. As expected, the increase of the liquid flow rate decreases the catalytic activity because of
the reduced contact time between the reactants and the catalyst. Similarly, the decrease of the

Figure 5.7. Contour plots showing the influence of temperature and pressure on the hydrogenation
of 1-hexyne over catalysts A (a) and G (b) in Table 5.1. The reactions were conducted at
F L = 0.3 cm3 min−1 and F G = 60 cm3 min−1 . The figure was obtained through spline interpolation
of the experimental points shown as black dots.
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Figure 5.8. Hydrogenation of 1-hexyne versus time-on-stream over catalysts A (a) and G (b) in
Table 5.1. Conditions: T = 373 K, P = 10 bar, F L = 0.3 cm3 min−1 , and F G = 60 cm3 min−1 .

H2 flow rate has an adverse effect on the reaction rate. In all cases, the catalysts retain the high
alkene selectivity in a broad range of experimental conditions. The contour plot in Figure 5.7
better highlights the activity and selectivity window for the hydrogenation of 1-hexyne (A).
Only at P > 40 bar, n-hexane is formed (B). Potentially, the absence of over-hydrogenated
products and oligomers might be due to the low concentration of alkyne in the reaction solution.
For this reason, we have conducted an additional experiment, varying the concentration 1hexyne in the feed and reaching solvent-free conditions (Figure A.20c). Also in these cases,
the silver and gold catalysts were highly selective (>90%) and the carbon balance was close to
100%. This high selectivity was even confirmed in the hydrogenation of 1-hexyne + 1-hexene, at
fixed conditions of temperature and pressure (373 K, 10 bar), demonstrating that the reduction
of the double bond is impeded over Ag and Au, consistently with the literature.[28] The catalyst
stability in 1-hexyne hydrogenation has been additionally verified in a long run (Figure 5.8),
at a degree of alkyne conversion of <40%. No drop in activity and alkene selectivity can be
detected during 5 h on stream. Finally, comparing the lab-made catalyst G with a commercial 1
wt.% Au/TiO2 , no significant difference in activity could also be observed for the hydrogenation
of 1-hexyne (Figure A.21), indicating the reproducibility of the catalytic performance.
The results summarized in Table 5.2 for the hydrogenation of 1-hexyne over different CeO2 based catalysts show that the alkyne conversion increases with an increased Ce content and is
not influenced by the type of support. In any case, the olefin selectivity is constant at 100%.
The performance of the 20 wt.% CeO2 /TiO2 catalyst in the hydrogenation of 1-hexyne has
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Table 5.2. Hydrogenation of 1-hexyne over
CeO2 -based catalysts.a
Code
L
M
N
O
P

X (C6 H10 )
(%)

S(C6 H12 )
(%)

46
68
90
87
87

100
100
100
89
100

T = 413 K, P = 90 bar, F L = 0.3 cm3 min−1 ,
F G = 60 cm3 min−1 .
a

been further investigated at various conditions of temperature and pressure (Figure 5.9a). A
high degree of alkyne conversion (>80%) is obtained only for T > 400 K and P > 50 bar.
However, at each condition of temperature and pressure, the selectivity to 1-hexene is 100%.
The catalyst stability has been verified additionally in a catalytic run with an extended period of
time (Figure 5.9b). No decrease in alkyne conversion and alkene selectivity was detected during
8 h on stream. The hydrogenation performance of supported ceria in the presence and absence
of 1-hexene in the reaction feed is depicted in Figure 5.9c. Compared to the hydrogenation of
1-hexyne (90% alkyne conversion and full olefin selectivity), a significant decrease in alkyne
conversion (down to 50%) is observed for the hydrogenation of 1-hexyne+1-hexene, which

Figure 5.9. Influence of the temperature and pressure on the conversion of 1-hexyne (a) over catalyst
N. The figure was obtained through spline interpolation of the experimental points shown as black
dots. Conversion of 1-hexyne and selectivity to 1-hexene over catalyst N versus time-on-stream (b) at
T = 413 K and P = 20 bar. Performance of catalyst N in 1-hexyne hydrogenation (c) at T = 413 K
and P = 90 bar in the absence and presence of 1-hexene in the reaction feed (1-hexyne:1-hexene = 1).
Other conditions: F L = 0.3 cm3 min−1 , F G = 60 cm3 min−1 .
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indicates that alkynes and alkenes compete for adsorption. Despite the minute amount of nhexane formed, the partial hydrogenation of 1-hexyne to 1-hexene is still by far the dominant
reaction. To correlate the catalytic performance with the characteristic properties of ceria,
the chemisorption of 1-hexyne was further studied by microcalorimetry (Figure 5.10). As the
Arrhenius plot of 1-hexyne hydrogenation was linear in the whole 353-413 K range, 1-hexyne
adsorption was investigated at 353 K. The differential heat of adsorption profile as a function
of 1-hexyne uptake reveals a very strong irreversible adsorption at the initial stage (up to 900
kJ mol−1 ), which suggests that multiple dehydrogenation steps take place. After approximately
0.01 mmol g−1 1-hexyne uptake, the heat of adsorption stabilizes at around 200 kJ mol−1 with
a subsequent 0.06 mmol g−1 adsorption. This heat of adsorption resembles the energy released
upon a single dehydrogenation step of ethyne.[147] Further adsorption takes place with heat
evolution that decreases slowly to 0.22 mmol g−1 , after which only physisorption occurs. These
results indicate that, under the reaction conditions, a significant portion of the surface sites
is covered by dehydrogenated species, not being available for hydrogenation. This is in line
with DFT calculations of ethyne adsorption on CeO2 (111) that show that the most preferred
adsorption mode is dissociative with respect to the C-H bond.[147] 1-hexyne and 1-hexene can
compete for the remaining surface sites, in agreement with our catalytic data, but the negligible
selectivity for full hydrogenation corroborates that the reduction of alkenes possesses a high
energetic barrier.[147]

Figure 5.10. Differential heat of adsorption of 1-hexyne over catalyst N. The inset shows the relative
adsorption isotherm at 353 K.
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5.3.4. Silver, Gold, and Ceria vs. Palladium
The selectivity of the silver, gold, and ceria nanoparticles have been evaluated in the
hydrogenation of acetylenic compounds of varying complexity and compared to the Lindlar
(Pd-Pb).[21–23] Table 5.3 compares the product selectivity for each compound and catalytic
system under kinetic conditions. Since proper kinetic investigations enabling to capture
intrinsic selectivity differences among the catalysts should be conducted at moderate degree of
conversion, the tests in Table 5.3 were performed at a conversion of the acetylenic substrate of
ca. 30%. In the hydrogenation of linear, internal alkynes (3-hexyne, entry 1), the Ag and Au
catalysts yield the cis-alkene with high selectivity (90%), proving that cis/trans isomerizations
are impeded. However, the selectivity to 3-hexene is somewhat higher over the Lindlar and ceria
catalysts (97-100%). On the other hand, in the hydrogenation of alkynes containing multiple
unsaturations (2-methylbut-1-en-3-yne, entry 2, and ethynylbenzene, entry 3), silver and gold
catalysts provide comparable degrees of selectivity to palladium (92-100%), and these results
are only slightly lower than those over ceria (100%). In particular, the absence of the 3-methyl1-butyne product for the Ag and Au-catalyzed 2-methylbut-1-en-3-yne hydrogenation suggests
that carbon-carbon double bonds do not adsorb on the active phase (thermodynamic selectivity)
and/or the reduction of a double bond presents a large energy barrier (kinetic selectivity). In the
case of functionalized alkynes, the hydrogenation of 2-methyl-3-butyn-2-ol (entry 4), 9-dodecyn1-ol (entry 5), and 1,1-diphenyl-2-propyn-1-ol (entry 6) occur both stereo and chemoselectively,
exhibiting degrees of selectivity close to 100%. Finally, in the hydrogenation of acetylenic
compounds containing a ketonic group, such as 3-butyn-2-one (entry 7), the supported silver
and gold nanoparticles are much less selective than Lindlar. This result demonstrates that
the ketone interacts with the surface of silver and gold, in line with earlier studies showing
the excellent performance of Ag and Au-based nanocatalysts in the hydrogenation of α,βunsaturated aldehydes and ketones.[185] Finally, we should comment on the different activity of
Ag and Au in comparison with the Pd catalysts. In fact, the operating conditions over gold and
silver in term of higher temperature and pressure (Figure 5.11) and longer contact times are a
clear indication of the much lower reactivity of the former metals (from the data in Table 5.3,
it is possible to estimate that the reaction rates of poisoned Pd is 40-fold higher than that of
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Table 5.3. Hydrogenation of acetylenic compounds over various catalysts.

2

1

93

89

100

96

91

94

100

100

100

54

100

100

86

83

98

92

100

98

Pd-Pb/CaCO3

3

100

100

100

100

Selectivitya (%)
Au/TiO2 c CeO2 /TiO2 d

4

100

87

100

97

Ag/SiO2 b

5

87

100

-

Product

6

96

68

Reactant

7

67

Entry

8

a
Selectivity to product at 30% conversion. Conditions: T = 373 K, P = 10 bar, F L = 0.3 cm3 min−1 , and F G = 60 cm3 min−1 for Ag
and Au; T = 413 K, P = 90 bar, F L = 0.3 cm3 min−1 , and F G = 60 cm3 min−1 for CeO2 ; T = 293 K, P = 1 bar, F L = 0.3 cm3 min−1 ,
and F G = 18 cm3 min−1 for Pd-Pb. b Catalyst A. c Catalyst G. d Catalyst N.
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Figure 5.11. Operating window (in terms of temperature and pressure) of various selective catalysts
for the continuous-flow three-phase hydrogenation of acetylenic compounds.

the Ag and Au counterparts). However, differently from the gas-phase alkyne hydrogenation
for olefin purification, liquid-phase operation in the fine chemical industry favors operation at
maximized selectivity, even if the conversion is limited.[20] Therefore, the high olefin selectivity
attained over Ag and Au are highly attractive.
Finally, palladium catalysts efficiently are active at ambient conditions, but require metal
poisoning (i.e., lead on the Lindlar catalyst) to suppress the activity, in order to avoid undesired
over-hydrogenation to the alkane and oligomerization. Silver, gold, and ceria do not require
modifiers but demanding conditions of temperatures and pressures (Figure 5.11) because of
the hindered activation of molecular hydrogen on their surfaces.[28,81,155,178,179] Considering that
many intermediates applied in the fine chemical and pharmaceutical industry have limited
thermal stability, the materials presented in this chapter may find only selected applications in
industrial practice.

5.4. Conclusions
Silver, gold, and ceria nanocatalysts were prepared, characterized, and evaluated in the threephase semi-hydrogenation of functionalized alkynes under different temperatures and pressures.
In the case of silver, the activity was only slightly affected by the type of carrier; on the other
hand, the gold nanoparticles were especially active when deposited on titania, probably owing
to strong metal-support interactions. Both metals, however, showed remarkable stereo and
chemoselectivity in the hydrogenation of functionalized alkynes in comparison with conventional
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poisoned palladium nanoparticles. The results for the ceria-based catalysts are even more
impressive: full stereo- and chemoselectivity to the cis-alkene was attained over a wide range of
acetylenic substrates, while oligomers and over-hydrogenated products were not observed. All
three catalysts, however, required demanding conditions of temperature and pressure because
of their intrinsic inability to activate hydrogen. This limits the broad use of these materials in
industry, because many of the active ingredients are not stable at high temperature. However,
the simplicity of preparing and characterizing bare metal and metal oxides nanoparticles and
the low-cost of silver, gold, and ceria are of fundamental relevance, providing insights for the
design of improved materials for alkene production.

Chapter 6
Hybrid Palladium Catalysts
for Alkyne Hydrogenation
6.1.

Introduction

The partial hydrogenation of acetylenic compounds in the liquid phase is a crucial step in the
synthesis of Z -alkenes, indispensable building blocks in the manufacture of polymers, vitamins,
fragrances, and agrochemicals.[6] This family of reactions is almost universally carried out
over heterogeneous palladium-based catalysts.[2] Major challenges in the Pd-catalyzed partial
hydrogenation of alkynes are to prevent the over-hydrogenation of alkenes to the corresponding
alkanes and/or the oligomerization of unsaturated moieties. Some degree of control can be
achieved by adjustment of the reaction conditions, but the effectiveness is substrate specific,
requiring individual tuning.[17] A more common approach to maximize the alkene selectivity
involves the modification of palladium by the addition of promoters.[30,31,44,46,50,60,73,186,187] The
Lindlar catalyst (5 wt.% palladium deposited on calcium carbonate or barium sulphate and
treated with various forms of lead, yielding a total weight Pd/Pb ratio of 1.5),[21–23] is the
prototypic example of modified Pd catalysts. The widespread use of the Lindlar catalyst
for over more than six decades derives from in its unique ability to transform stereo- and
chemoselectively C≡C into C=C bonds with a predominantly cis configuration under mild
reaction conditions. DFT calculations offered a solid understanding of the selectivity of the
Lindlar catalyst,[32] unraveling the role of Pd in alkyne adsorption, H2 splitting, and H
addition, the positive poisoning of Pb in reducing hydride formation, and the function of
quinoline, generally added to the reaction mixture, in preventing oligomerization by isolating
the adsorption sites. At the present time, economic considerations associated with the high
palladium loading and stringent environmental regulations regarding the use of lead provide
incentives to seek alternatives to the Lindlar catalyst for alkyne hydrogenations.
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Many catalytic systems have been developed in the last decade, such as: (i) Pd nanoparticles
prepared with novel deposition techniques;[188–192] (ii) Pd-containing bimetallic alloys;[44,60] and
(iii) catalysts based on alternative active phases.[28,29,62,155,162,193] In relation to the preparation
strategies, colloidal approaches have proven to be the most versatile tool for synthesizing
unsupported nanoparticles with tailored size and shape.[55,194–199] These materials are prepared
from colloidal suspensions of metal nanoparticles and exploit both reducing (i.e., hydrazine
or NaBH4 ) and stabilizing (i.e., surfactants, ionic liquids, polymers, or dendrimers) agents as
ligands.[194] Industrially, the use of unsupported Pd nanoparticles prepared via colloidal routes is
typically hampered by the use of volatile, toxic, and expensive organic reagents,[68] the absence
of a carrier limiting their application as heterogeneous catalysts, and the need for expensive
separation techniques (i.e., centrifugation).
Recently, a novel platform of supported ligand-modified palladium catalysts (0.5 wt.%
palladium supported on activated carbons or titanium silicate; NanoSelectTM ) has been
developed by BASF and is now commercialized.[68,200] The catalysts are prepared by using
the non-toxic and water-soluble hexadecyl(2-hydroxyethyl)dimethylammonium dihydrogen
phosphate (C20 H44 NO5 P, HHDMA) ligand, which elegantly integrates both reducing and
stabilizing functions in a single molecule (Figure 6.1). The intrinsic stereo- and chemoselectivity
of these materials have been demonstrated in the hydrogenation of selected alkynes
and alkynols,[68,201] and the results are consistent with earlier findings on supported Pd
catalysts stabilized by polyvinylpyrrolidon (PVP).[202] However, a systematic evaluation of the
hydrogenation performance of the NanoSelectTM catalysts, tackling a wider library of acetylenic
compounds, investigating kinetic fingerprints, and leading to an improved understanding of the
role of HHDMA are of foremost importance to rationalize their selective behavior. Besides, a
comparison of the operation mode of NanoSelectTM -type catalysts with Lindlar-type catalysts
is of great fundamental relevance.
Revisiting the development of catalytic materials for alkyne hydrogenation, this chapter
compares the selectivity of bare and alloyed Pd-based catalysts with emerging HHDMAmodified materials prepared via colloidal routes. In view of the obvious benefits in moving from
batch- to continuous-mode operation,[71] the hydrogenation performances of terminal or internal
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Figure 6.1. Representation of the NanoSelectTM catalyst (adapted from [201]) (a) and molecular
structure

of

crystalline

hexadecyl(2-hydroxyethyl)dimethylammonium

dihydrogen

phosphate

(HHDMA) determined by DFT calculations (b). The dashed line represents the cell used for the
calculations. Color codes: P (pink), O (red), N (purple), C (grey), and H (white).

alkynes, short- and long-chain alkynols, and acetylenic species containing ketonic groups are
evaluated in a continuous-flow reactor (Figure 6.2). To rationalize the catalytic results, we have
carried out Density Functional Theory (DFT) calculations and classical Molecular Dynamics
(MD) simulations, investigating the atomic structure of the NanoSelectTM catalysts and deriving
selectivity descriptors that can be generalized to other ligand-modified palladium catalysts.
These results lead to an improved understanding of the performance of colloidal nanoparticles
in alkyne hydrogenation, opening new pathways for the design of highly selective catalysts with
tailored properties.

6.2. Experimental
6.2.1. Materials
Four supported palladium catalysts were evaluated in this study: Pd/Al2 O3 (Sigma-Aldrich,
ref: 20570-2), Pd-Pb/CaCO3 (Alfa Aesar, ref: 043172), Pd-HHDMA/C (NanoSelect LF 100TM ,
Strem Chemicals, ref: 46-1710) and Pd-HHDMA/TiSi2 O6 (NanoSelect LF 200TM , Strem
Chemicals, ref: 46-1711). The suffix ‘-HHDMA’ designates supported Pd catalysts which
have been prepared via colloidal routes, and TiSi2 O6 denotes the titanium silicate support
(compositional analysis has shown that the latter is characterized by a molar Ti/Si ratio
of 2.3). The residual organic layer present on the surface of the Pd nanoparticles in the
NanoSelect catalysts was removed by applying an UV-ozone treatment using a Bulbtronics
16 W low-pressure mercury lamp (emitting at 185 and 257 nm). The sample was positioned
at a distance of 5 mm from the UV lamp for 1, 2, 5, 10, 20, 40, 60, or 120 min. The
acetylenic reagents 1-pentyne (ABCR-Chemicals, 98%), 1-hexyne (Acros Organics, 98%), 3-
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Figure 6.2. Setup for the evaluation of catalysts in three-phase hydrogenation. The main unit (1)
is equipped with an isothermal micro-reactor (zoomed in (2)), pressure and flow controllers, and
an electrolytic cell for in situ H2 generation. The liquid reactant is fed by an HPLC pump (3). The
CatChangerTM (4), which consists of six additional isothermal microreactors, enables high-throughput
testing and accelerated kinetic studies. The XYZ autosampler (5) allows reactant feeding and product
collection. The picture on the right is a schematic representation of the catalyst during three-phase
hydrogenation and has been created with the help of Blender, an open-source 3D computer graphics
software.

hexyne (TCI Deutschland, 98%), 2-methyl-1-buten-3-yne (ABCR-Chemicals, 97%), 2-methyl3-butyn-2-ol (Acros Organics, 98%), 3-methyl-1-pentyn-3-ol (TCI Deutschland, >98%), 3methyl-1-penten-4-yn-3-ol (ABCR-Chemicals, 95%), 3-butyn-2-one (ABCR-Chemicals, 97%),
3-hexyn-2-one (ABCR-Chemicals, 97%), 1-octyne (ABCR-Chemicals, 98%), 4-octyne (ABCRChemicals, 99%), 9-hexadecyn-1-ol (ABCR-Chemicals, 98%), ethynylbenzene (Acros Organics,
98%), 1,1-diphenyl-2-propyn-1-ol (Sigma-Aldrich, 99%), toluene (Acros Organics, 99.9%), and
benzene (Sigma-Aldrich, >99.5%) were used without further purification.
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6.2.2. Catalyst Characterization
Nitrogen isotherms at 77 K were measured in a Micromeritics TriStar II instrument. Prior
to measurement, the sample was degassed in vacuum at 393 K for 10 h. The palladium and
lead contents in the solids were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Horiba Ultra 2 instrument equipped with photomultiplier
tube detection. The palladium dispersion (D) was determined by CO pulse chemisorption by
using a Thermo TPDRO 1100 unit. The samples (0.05-0.1 g) were pretreated at 393 K under
flowing He (20 cm3 min−1 ) for 60 min, and reduced at 348 K under flowing 5 vol.% H2 /He
(20 cm3 min−1 ) for 30 min. Thereafter, 0.344 cm3 of 1 vol.% CO/He was pulsed over the catalyst
bed at 308 K every 4 min. The interval between successive pulses was minimized to avoid
desorption of CO. The palladium dispersion was calculated from the amount of chemisorbed CO,
assuming an atomic surface density of 1.26×1019 atoms m−2 and an adsorption stoichiometry
of Pd/CO = 2.[203] X-ray photoelectron spectroscopy (XPS) was performed on a VG-Microtech
Multilab 3000 spectrometer featuring a hemispheric electron analyzer with 9 channeltrons and
non-monochromatized Al Kα radiation at 1486.6 eV. The catalysts were pretreated at 393 K
under flowing He (20 cm3 min−1 ) for 60 min, and reduced in situ at 348 K under flowing
5 vol.% H2 /He (20 cm3 min−1 ) for 30 min. The spectra were collected under ultra-high vacuum
conditions (residual pressure of ca. 5×10−8 Pa), at a pass energy of 50 eV. All binding energies
were referenced to the C 1s level at 284.6 eV in order to compensate for charging effects.
The distribution and morphology of the supported palladium nanoparticles were studied by
secondary electron (SEM) and high-angle annular dark-field scanning transmission electron
(HAADF-STEM) imaging, which was conducted in an FEI Magellan XHR 400 microscope using
an accelerating voltage of 20 kV. The catalysts were dispersed as dry powders on holey carboncoated copper grids. The particle size distribution was assessed by analysis of 350 individual
Pd particles and the dispersion of palladium was estimated by considering particles to be
truncated octahedrons with cubic symmetry and assuming the absence of an oxide shell. The
N content in selected catalysts was determined by infrared spectroscopy using a LECO CHN900 combustion furnace. Fourier transform infrared (FTIR) spectroscopy was performed in a
Bruker Optics Vertex 70 spectrometer equipped with high-temperature cell, ZnSe windows, and
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a mercury-cadmium-telluride detector. The cell was filled with powdered catalyst and carefully
leveled to minimize reflection from the sample surface. The spectra were recorded at 473 K in
the range of 650-4000 cm−1 , by co-addition of 200 scans with a nominal resolution of 4 cm−1 .
Thermogravimetric analysis (TGA) was performed in a Mettler Toledo TGA/DSC 1 Star system
connected to a Pfeiffer Vacuum ThermoStar GSD 320 T1 Gas Analysis mass spectrometer. The
analysis was performed under an air flow (40 cm3 min−1 ), ramping the temperature from 298
to 1173 K at 5 K min−1 . The signal of water (m/e = 18) and carbon dioxide (m/e = 44) were
continuously monitored.
6.2.3. Catalyst Evaluation
The hydrogenation of acetylenic compounds was carried out in a fully-automatized continuousflow flooded-bed reactor (ThalesNano H-Cube ProTM ), in which the liquid hydrocarbon and
the gaseous hydrogen flow concurrently upward through a fixed bed of catalyst particles
(Figure 6.2). Compared to the typical downward flow of a trickle-bed reactor, a flooded-bed
reactor is highly advantageous for studying three-phase hydrogenation reactions since it enables
improved performance by prolonging the catalyst lifetime and enhancing the heat transfer
between the gas and the liquid phases.[204] The pressure drop, calculated according to the
Lockhart-Martinelli correlation for a two-phase flow,[204] was insignificant (0.07 bar) along the
bed and estimation of the axial dispersion corroborated minor deviations from the plug-flow
regime. The contacting efficiency was within the trickle and flooded flow regimes, ensuring the
absence of liquid holdup.[204] Hydrogen was generated in situ by the electrolysis of millipore
water and supplied to the reaction chamber by a mass-flow controller. The liquid feed was
supplied by an HPLC pump. The reactor was equipped with a two-zone heating jacket, a
pressure controller, and three thermocouples, located at the inlet, in the center, and at the outlet
of the catalyst bed. In particular, during reaction, the temperature difference between these
thermocouples was less than 2 K, confirming isothermal operation. The catalyst (0.1 g, particle
size: 0.2-0.4 mm) was diluted and carefully mixed with silicon carbide (0.07 g, particle size:
0.2-0.4 mm) and loaded into a cartridge of approximately 30 mm length and 3.5 mm internal
diameter. The influence of silicon carbide on the reactant conversion was excluded by estimation
of the dilution correlation.[205] Reaction solutions contained 1 vol.% of the acetylenic substrate,
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toluene as the solvent, and benzene as the internal standard. The catalytic tests were performed
at various temperatures (293-413 K), pressures (1-9 bar), and liquid (0.3-3 cm3 min−1 ) and H2
(3-60 cm3 min−1 ) flow rates. Importantly, under these conditions, a laminar flow is expected
in both the liquid and the gas phases. The possibility of alkyne evaporation was ruled out by
circulating the alkyne with the toluene solvent and the benzene internal standard for 3 h, in the
absence of hydrogen, and the concentration of reactant at the reactor outlet remained constant.
Besides, leaching of active Pd species from the catalyst was excluded. In fact, the liquid at the
reactor outlet, containing the alkyne, alkene, toluene, and benzene, was fed to the reactor inlet
(at T = 293 K, P = 1 bar, FG (H2 ) = 18 cm3 min−1 , FL (substrate + solvent) = 0.3 cm3 min−1 ), in
a cartridge filled only with diluent, and no additional hydrogenation occurred, thus evidencing
no loss of the active Pd phase, in agreement with elemental analyses of the used catalysts.
The reaction products were collected employing an autosampler, after reaching (in ca. 10 min)
steady-state operation, and analyzed offline using a gas chromatograph (HP 6890) equipped
with a HP-5 capillary column and a flame ionization detector. Helium was used as a carrier gas,
flowing at 1 cm3 min−1 . The column was kept at an initial temperature of 303 K for 12 min
and then the temperature was ramped from 303 to 473 K at 5 K min−1 . The conversion (X )
of alkyne was determined as the amount of reacted alkyne divided by the amount of alkyne at
the reactor inlet, whereas the selectivity (S ) to a given alkene or alkane was quantified as the
amount of that compound divided by the total amount of products.

6.3. Computational Details
Quantum-mechanical calculations based on Density Functional Theory with periodic boundary
conditions were carried out with the Vienna Ab-initio Simulation Package,[132,133,206] using
a basis set of plane waves to solve the Kohn-Sham equations, the generalized gradient
approximation, and the revised Perdew-Burke-Ernzerhof functional.[88] The interaction between
valence and core electrons was described by the projected augmented wave method.[133] The
number of plane waves was controlled by setting the cut-off energy to 450 eV. For the
geometric optimization, a 5×5×1 k-point mesh was used in order to sample the reciprocal
space. DFT calculations focused on the Pd(111) facet, characterized by a slab with five
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atomic layers, which was periodically repeated in the direction perpendicular to the surface
and separated by a vacuum gap of ca. 30 Å. Particularly, Pd(111) is known to be the most
exposed and active surface of palladium.[31] Parallel to the surface, the supercell consisted of
a primitive, p(2×2) arrangement. In the optimizations, the two atomic layers at the bottom
of the slab were fixed at their bulk positions, while the upper three layers were fully relaxed.
To model the Lindlar catalyst, single Pd atoms were substituted by Pb with a 0.25 monolayer
coverage, considering that earlier experimental studies on the interaction of Pb with Pd in
the Lindlar catalyst suggested the formation of a surface Pd3 Pb alloy.[32,207] Pd-Zn[208] and
Pd-Ga[193] alloys, which are also selective catalysts for alkyne hydrogenation, were represented
similarly to Pd-Pb. The crystal structure of the HHDMA ligand had been derived from the
structure of hexadecyltrimethylammomium bromide.[209] This was modified using the Materials
Studio software (version 6.1, Accelrys), in order to contain two units of the cationic alkyl
chains in alternate configuration and two H2 PO4 − anions, following the methodology described
elsewhere.[210] For the adsorption of individual HHDMA molecules on palladium, van der Waals
interactions were introduced with the DFT-D2 approach,[89,90] employing the parameters refined
by Ruiz et al.[91] In order to investigate the flexibility of the ligand adsorbed on Pd(111), classical
Molecular Dynamics simulations were carried out with the DL_POLY Classic code.[211] This
method has been successfully employed in the past for long timescale simulations, which offer
significantly more information on the process itself, and for large size simulations, permitting the
application to macromolecular chains. However, the code cannot describe the reactivity on the
surface and, thus, it is only suited to understand the ensemble size and the limitations imposed
by the surfactant layer to the access of the reactants. In our case, the HHDMA-Pd system
was modeled in a hexagonal simulation cell with surface dimensions of 27.5×27.5 Å2 , which is
three times larger than the DFT simulation cell. The Pd surface and the HHDMA adsorbates
were relaxed, keeping the H2 PO4 − ions fixed at the optimized positions provided by the DFT
calculations. A combination of compatible interatomic potential models was employed for the
description of the interactions between the atoms in the systems. Particularly, the generalized
AMBER force field[212,213] for the HHDMA molecule and METAL[214] for palladium. This
combination has been previously validated by Heinz and co-workers.[215,216] The equilibration
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Table 6.1. Characterization data of the palladium catalysts.
Pda
(wt.%)

Pba
(wt.%)

Na
(wt.%)

S BET b
(m2 g−1 )

V pore c
(cm3 g−1 )

Dd
(%)

1.00
4.53
0.56
0.52 (0.51)e

3.41
–
–

–
–
0.72
0.49 (0.02)e

181
10
336
231 (137)e

0.90
0.03
0.41
0.16 (0.12)e

22
6
12
14 (17)e

Entry
Pd/Al2 O3
Pd-Pb/CaCO3
Pd-HHDMA/C
Pd-HHDMA/TiSi2 O6
a

Elemental analysis. b Total surface area, BET method. c Volume of N2 adsorbed at p/p0 = 0.99.
d
Metal dispersion, CO chemisorption. e Data of the catalyst after UV–ozone treatment for 120 min
between brackets.

period was 0.1 ns in the NVT ensemble. In order to fix the temperature at 273 K, the NoséHoover thermostat was employed,[217,218] and the Verlet leapfrog algorithm[219] was used to
integrate the equations of motion with a time step of 0.1 fs. The length of the subsequent
production run for the system was 1 ns.

6.4. Results and Discussion
6.4.1. Characterization of the Pd-Based Catalysts
The four supported palladium catalysts were characterized using multiple techniques in order
to establish the relative loading and dispersion of palladium, the morphology and porosity
of the support, and the content and thermal stability of organic molecules adsorbed on the
ligand-modified materials.
The Pd/Al2 O3 catalyst has been analyzed extensively in prior works.[26,31] The material
contains ca. 1 wt.% Pd (Table 6.1); uniformly-sized palladium nanoparticles of ca. 4 nm average
diameter (Figure A.22a, Appendix A) decorate the Al2 O3 support. The catalyst exhibits a BET
surface area of 181 m2 g−1 and a pore volume of 0.90 cm3 g−1 (Table 6.1). Comparatively,
the Lindlar catalyst contains 4.53 wt.% Pd and, in addition, 3.41 wt.% Pb. The surface
atomic Pd/Pb ratio, determined by XPS, is ca. 1.3, in agreement with early reports.[220]
Microscopic examination reveals that the Pd-Pb nanoparticles are well distributed over the
support (Figure A.22b), but are significantly larger (ca. 14 nm in diameter) than in the case of
Pd/Al2 O3 . This is expected considering that the Lindlar catalyst contains a five times higher
palladium loading. The available BET surface area is limited (10 m2 g−1 ) because the basic
CaCO3 support is composed of large, non-porous particles (V pore = 0.03 cm3 g−1 ). Particularly,
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Figure 6.3. Scanning electron microscopy (left), high-angle annular dark-field scanning transmission
electron microscopy (middle), and respective palladium particle size distributions of Pd-HHDMA/C
(a), Pd-HHDMA/TiSi2 O6 (b), and Pd-HHDMA/TiSi2 O6 after UV–ozone treatment for 120 min (c).
The 20 nm scale bar applies to all micrographs.

the absence of microporosity for the Pd/Al2 O3 and Lindlar catalysts is beneficial in order to
avoid diffusion limitations.
The catalysts prepared via colloidal routes (Pd-HHDMA/C and Pd-HHDMA/TiSi2 O6 )
contain ca. 0.5 wt.%. Examination of the catalysts by HAADF-STEM and SEM (Figures 6.3a
and b) reveals that the supported nanoparticles possess a uniform, spherical shape, exhibiting
average diameters of around 6 and 7 nm for Pd-HHDMA/C and Pd-HHDMA/TiSi2 O6 ,
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Figure 6.4. C-H stretching region of the diffuse reflectance infrared Fourier transform spectroscopy
recorded in He at 473 K (a). Thermogravimetric profiles in air with the corresponding mass
spectrometer signals of water (m/e 18) and carbon dioxide (m/e 44) of Pd-HHDMA/TiSi2 O6 (b).
In (a), the reduced absorbance in the near-infrared region of the darker carbon-supported catalyst
compared with Pd-HHDMA/TiSi2 O6 precludes quantitative analysis in the infrared spectra. In (b),
the dashed line represents the first derivative curve of the thermogravimetric profile.

respectively. Despite distinctions in the morphology and porosity of the activated carbons
and titanium silicate supports, the nanoparticles appear discretely dispersed over the external
surface of both materials. These findings confirm the observation of a previous study on the
metal distribution in Pd-HHDMA/C, which suggested that the greater surface area of the
activated carbon support (S BET = 336 m2 g−1 , Table 6.1) is hardly utilized since an eggshell distribution of palladium on the support is obtained.[201] The denser arrangement of
nanoparticles in the case of Pd-HHDMA/TiSi2 O6 can be ascribed to the larger particle size of
the support, although the BET surface area of the sample (S BET = 231 m2 g−1 ) is relatively high.
The microporosity of the Pd-HHDMA/C catalyst (V micro = 0.03 cm3 g−1 ) is also confirmed by
the higher uptake of N2 at low relative pressures (Figure A.23). The degree of Pd dispersion
calculated from the microscopy-derived particle size distributions (19% for Pd-HHDMA/C and
16% for Pd-HHDMA/TiSi2 O6 ) is slightly higher than that determined by CO chemisorption
(12% and 14%, respectively), indicating that some of the palladium atoms are inaccessible. XPS
measurements (Figure A.24) evidence a single peak for the Pd 3d 5/2 core level (at 335.0 eV
for Pd-HHDMA/C and 335.3 eV for Pd-HHDMA/TiSi2 O6 ) corresponding to Pd0 ,[184] which
indicates that the surface of the Pd nanoparticles is entirely reduced.
The presence of HHDMA molecules on the surface of the Pd-HHDMA catalysts is confirmed
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by the observation of pronounced bands between 3000 and 2800 cm−1 in the infrared spectra
of the samples (Figure 6.4a).[221,222] Despite the similar preparation protocols,[68] quantitative
elemental analysis of N reveals that the residual amounts are higher for Pd-HHDMA/C than
for Pd-HHDMA/TiSi2 O6 . This is associated with an enhanced adsorption of HHDMA on the
surface of the activated carbon support,[201] which prevents a reliable estimation of the amount of
stabilizer molecules per surface palladium. The stability of the HHDMA molecules is displayed
in the thermogravimetric profile in air (Figure 6.4b). The sample shows a pronounced weight
loss at 340 K, associated to the removal of physisorbed water from the support, and a further
loss at 570-580 K, which is assigned, based on evolved gas analysis by mass spectrometry, to
the decomposition of the organic capping layers. The Pd-HHDMA/C catalyst also shows a
weight loss at ca. 800 K, associated with the decomposition of the support.[201] In this case, the
oxidative decomposition of the support dominates the mass signal measured.
To confirm the impact of the residual HHDMA species on the properties of the supported
catalysts, we have applied controlled UV-ozone treatments to remove the organic layer.[55,199]
Herein, the simultaneous action of ozone and ultraviolet light oxidizes carbon-containing
compounds into carbon dioxide and water. As shown in Figure 6.4a, the IR spectrum of PdHHDMA/TiSi2 O6 shows negligible absorbance at 3000-2800 cm−1 after UV-ozone treatment
for 2 h. This confirms the almost complete removal of the organic layer, as also evidenced
by elemental analysis of N (Table 6.1). Comparison of the SEM/HAADF-STEM micrographs
(Figure 6.3c) demonstrates that the UV-ozone treatment does not significantly alter the size or
morphology of the Pd nanoparticles, and the Pd content determined by ICP-OES is unaltered.
6.4.2. Structure of HHDMA-Modified Pd
From the characterization data, it appears that the ligand HHDMA covers the surface of
the colloidally-prepared catalysts. Therefore, dispersion-corrected DFT calculations have been
applied in order to attain an atomic understanding of the structure of the Pd-HHDMA. So far,
this has been impeded by factors such as: (i) the need to account for all interactions including
van der Waals forces, which determine the stabilizing contribution of the aliphatic tails; (ii) the
necessity for unit cells sufficiently large to represent the surfactant structure; and (iii) the need
to input the crystal structure of the surfactant, which in many cases remains unknown.
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Figure 6.5. Side (a) and top view (b) of the DFT-calculated adsorption configuration of HHDMA
molecules on Pd(111). The configuration of the adsorbed anion is HPO4 2− . The blue spheres represent
Pd sites, and the ball and stick models represent the adsorbed HHDMA. The color codes are indicated
in Figure 6.1.

The first step involves the definition of an appropriate crystal structure for the HHDMA
molecule in the presence of the dihydrogen phosphate anion. Although the lattice of the
precursor, (HHDMA)2 PdCl4 , has been reported in the literature,[68] this data cannot be directly
employed because of the different identity of the anions. Nevertheless, the crystal lattice that
we have calculated (Figure 6.1b) shares common features with the structure of its precursor. In
fact, the two aliphatic chains of the HHDMA molecule are arranged linearly by van der Waals
interactions. Electrostatic forces hold the quaternary ammonium headgroups of HHDMA in
close proximity to the H2 PO4 − anion, and this interaction is further reinforced by a hydrogen
bond between the CH2 OH side tail and the H2 PO4 − group. The structures yield N-P contacts
of 4.225 Å.
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The anionic dihydrogen phosphate group strongly adsorbs on the surface of Pd(111),[223]
and the long-chain cationic counterion adapts to the configuration of the anion by electrostatic
interactions. The adsorption is exothermic by 4.59 eV per HHDMA molecule and the final
structure fits naturally in the p(2×2) supercell without any further restriction. The three oxygen
atoms of the phosphate group reside close to the metal sites, with an average Pd-O distance of
2.524 Å, and the cationic headgroups are located 7.593 Å from the Pd surface. Upon adsorption,
the H2 PO4 − species tend to dissociate (Figure A.25), forming HPO4 2− and H+ and further
releasing 0.29 eV. In this process, the whole ligand moves closer to the surface. In fact, the
average Pd-O distance reduces to 2.365 Å, the Pd-N distance is 7.469 Å, and the hydrogen
bond between the HPO4 2− anion and the CH2 OH-tail is 2.375 Å. As shown in Figure 6.5,
this structure very effectively limits the size of Pd ensemble, which can be expected to block
potential oligomerization pathways. DFT calculations indicate that the enlargement of the
ensemble size to accommodate a bulky adsorption configuration by displacement of a hydrogenphosphate on the surface of palladium would incur a large energy penalty (1.19 eV) due to
the repulsive interaction between the anionic head groups. The latter ultimately explains the
relative inflexibility of the [H2 PO4 − ]-Pd layer. On the other hand, classical MD simulations
performed in large simulation cells demonstrate that the aliphatic chains of the surfactant
are highly mobile, opening pores that are dynamically closed in a nanosecond time frame
(Figure A.26). These pores present elliptical shapes with a maximum diameter of less than 10 Å.
6.4.3. Performance of the Pd-Based Catalysts
The selective properties of the Pd catalysts were evaluated in the reduction of acetylenic species
of varying complexity, under continuous-flow liquid-phase conditions. In contrast to batch and
semi-batch setups, commonly employed for laboratory testing, a continuous-flow three-phase
reactor can be efficiently operated at steady state, offering several advantages for industrial
implementation.[71]
In the hydrogenation of linear, terminal alkynes (1-pentyne and 1-hexyne; respectively,
Entry 1 and 2 of Table 6.2), the non-promoted Pd/Al2 O3 catalyst is poorly selective to the
corresponding olefins (ca. 70%) and yields the over-hydrogenated product, isomers (mainly 2hexene), and minor amounts of oligomers. This is typical of monometallic Pd, which needs
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Table 6.2. Hydrogenation of acetylenic compounds over the catalysts.
Entry

Reactant

Product

Pd/Al2 O3

Selectivitya (%)
Pd-Pb/CaCO3 Pd-HHDMA/C

Pd-HHDMA/TiSi2 O6

1

71

98

100

100

2

67

100

97

96

3

53

100

97

100

4

65

92

93

96

5

70

85

100

96

6

67

83

100

97

7

58

76

86

87

8

73

97

85

93

9

74

83

63

66

Conditions: T = 293 K, P = 1 bar, F G = 18 cm3 min−1 , F L = 0.3 cm3 min−1 . Under these conditions, the
degree of alkyne conversion was between 24-35% over all catalysts.

a

Figure 6.6. Selectivity to 1-hexene (a), cis-3-hexene (b), and 2-methyl-1,3-butadiene (c) as a function
of the conversion of 1-hexyne, 3-hexyne, and 2-methylbut-1-en-3-yne over the palladium catalysts.
Conditions: T = 293 K, P = 1 bar, F G = 9-60 cm3 min−1 , F L = 0.3-3 cm3 min−1 . The data at 100%
conversion were collected with double the amount of catalyst.

modification in order to suppress the formation of hydrides and carbides, thereby stabilizing a
high alkene yield. As expected, the Lindlar catalyst shows an excellent degree of selectivity to
the terminal olefin (nearly 100%), owing to the presence of lead, which strategically deactivates
the palladium sites. Comparatively, the two ligand-modified catalysts (Pd-HHDMA/C and Pd-
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HHDMA/TiSi2 O6 ) are also intrinsically selective (100%) to the production of terminal olefins.
This outstanding degree of selectivity has been confirmed for the solvent-free hydrogenation
of 1-hexyne (100% selectivity to 1-hexene at 36% 1-hexyne conversion). Upon application of
substrates with an internal triple bond, as for the hydrogenation of 3-hexyne (Entry 3), the
materials prepared via colloidal routes yield the cis-alkene. This stereoselectivity, matching
the performance of conventional Pd-Pb alloys at much lower Pd loadings, is attractive for the
pharmaceutical and fine chemical industries.
On the other hand, in the hydrogenation of enynes and alkynols (Entries 4-7), the
chemoselectivity patterns observed over the Lindlar and ligand-modified catalysts depend on
the substrate. In the hydrogenation of 2-methylbut-1-en-3-yne (Entry 4), the colloidal and
Lindlar catalysts predominantly yield 2-methyl-1,3-butadiene, and the selectivity to 3-methyl1-butyne, obtained by the reduction of the double bond, is only ca. 5%. ‘Bare’ palladium,
in contrast, produces 2-methyl-1,3-butadiene, 3-methyl-1-butyne, and other over-hydrogenated
products. Similarly, the lowest degree of selectivity in the hydrogenation of 2-methyl-3-butyn2-ol (Entry 5), 3-methyl-1-pentyn-3-ol (Entry 6), and 3-methyl 1-penten-4-yn-3-ol (Entry 7)
is observed over the Pd-only nanoparticles (S (alkenols) = 70%, 67%, and 58%, respectively).
In this case, the Lindlar catalyst shows a higher selectivity (85, 83, and 76%, respectively)
at the same degree of alkynol conversion; and notably, the colloidally-prepared catalysts are
fully chemoselective to the alkene, as the OH functionality is not reduced. This excellent

Figure 6.7. Contour plots of the hydrogenation of 1-hexyne over Pd-HHDMA/TiSi2 O6 at different
temperatures and pressures. The figure was obtained through spline interpolation of the experimental
points shown as black dots. Conditions: F G = 18 cm3 min−1 , F L = 0.3 cm3 min−1 .
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result, exceeding those of conventional Pd systems, should be connected with the presence
of HHDMA on the surface of Pd (vide infra). However, in the hydrogenation of alkynes
containing a ketone group, such as 3-butyn-2-one (Entry 8) and 3-hexyn-2-one (Entry 9),
the novel Pd-HHDMA catalysts are less selective to 3-buten-2-one and cis-3-hexen-2-one than
Pd-Pb/CaCO3 . Considering that at elevated temperature (333 K) and pressure (8 bar), the
ligand-modified materials yield unsaturated alcohols (3-buten-2-ol and cis-3-hexen-2-ol) with
high selectivity (85%), it can be expected that the ketone group interacts with the surface of
Pd and/or with the polar and protic functionalities of HHDMA.
Focusing on the hydrogenation of 1-hexyne, Figure 6.6a displays the relation between
the degree of alkyne conversion and the selectivity to 1-hexene, at 293 K and 1 bar. Over
the monometallic Pd/Al2 O3 , the selectivity to 1-hexene decreases with an increasing alkyne
conversion. Here, the Lindlar catalyst and Pd-HHDMA/TiSi2 O6 preferentially form the olefin
(ca. 100%), even at X (1-hexyne) > 90%. The intrinsic selective character of the Lindlar
and ligand-modified catalysts over a broad degree of conversion was also confirmed in the
hydrogenation of 3-hexyne (Figure 6.6b), and 2-methylbut-1-en-3-yne (Figure 6.6c). The
selectivity to the alkene product over the Pd-HHDMA catalysts only drops when higher
temperatures (293-353 K) and pressures (1-9 bar) are applied, and the contour plot in Figure 6.7
highlights the selectivity window for the hydrogenation of 1-hexyne over the ligand-modified
catalysts (T < 313 K and P < 2 bar); outside this range, n-hexane and 2-hexene are formed.
It should be emphasized that the equivalent selectivity evidenced over the two colloidallyprepared Pd catalysts in all of the catalytic tests suggests that the specific influence of the
support is minor (Figure A.27). This result differs from previous findings, which reported a
lower degree of selectivity over Pd-HHDMA/C.[201] The contrasting observation could relate to
the different mode of operation (batch vs. continuous-flow reactor) adopted in that study.[71]
6.4.4. Molecular-level Understanding of the Selectivity Patterns
In order to rationalize the hydrogenation performance of the catalysts presented in Table 6.2,
DFT calculations using dispersion interactions have been applied. We have considered
the adsorption of selected model reactants (specifically, ethyne, ethene, formaldehyde,
and methanol) in order to understand the hydrogenation performance observed for the
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Figure 6.8. Adsorption energies of ethyne, ethene, formaldehyde, and methanol on the Pd(111),
Pd(111)-Pb, and Pd(111)-HHDMA surfaces. For the Pd-HHDMA sample, two different configurations
of the adsorbed anion have been employed: H2 PO4 − (Pd-HHDMA) and HPO4 2− (PdH-HHDMA).

functionalized alkynes in Table 6.2. The adsorption energies are obtained as: E ads = E cat+mol –
E cat – E mol , where E cat+mol is the energy of the catalyst with the adsorbed reactant, E cat is
the energy of the catalyst (eventually covered by the ligand, HHDMA), and E mol is the energy
of the specific reactant. The results are summarized in Figure 6.8. The theoretical results for
the alloyed Pd-Zn[60] and Pd-Ga[193] , which are also selective hydrogenation catalysts, parallel
those of Pd-Pb (Figure A.28). Therefore, for the sake of conciseness, only the latter will be
presented here.
Terminal and internal alkynes (1-pentyne, 1-hexyne, and 3-hexyne) are selectively
hydrogenated over the Pb-poisoned and ligand-modified Pd catalysts, whereas the monometallic
Pd nanoparticles generate alkanes and oligomers. This result can be explained on the basis of
the thermodynamic selectivity concept (a selective catalyst offers preferential adsorption of
the alkyne and a low stability to the adsorbed alkene).[28,30] The adsorption of ethyne on bare
Pd is highly exothermic (1.6 eV), and its hydrogenation produces the vinyl intermediate,[17]
which is the precursors for the formation of ethene. However, once formed, the alkene remains
on the catalyst surface, as its adsorption energy is –1.0 eV, and can be over-hydrogenated or
oligomerized. On the other hand, the desorption of the alkene from Pb- and HHDMA-‘poisoned’
surfaces is much less exothermic (0.23 and 0.41 eV, respectively), occurring spontaneously
under the conditions studied, which justifies the absence of oligomers over the Lindlar and the
colloidally-prepared catalysts (Table 6.2 and Figure 6.7).
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Similarly, β-hydride phases formed by the penetration of hydrogen into the Pd lattice
can be explained by the adsorption energy of H atoms on surface and subsurface positions.
The average adsorption energy of H on the surface of a clean Pd catalyst is –0.54 eV per
H atom, and the differential adsorption energy in the subsurface is thermoneutral. Thus, the
adsorption takes place on the whole surface and, when the first layer is completely covered,
on subsurface positions. The H species accumulated in the subsurface of palladium are easily
transferred to the adsorbed hydrocarbons,[30,50] yielding fully saturated species, in agreement
with the results displayed in Table 6.2, and Figures 6.6 and 6.7 for Pd/Al2 O3 . For the Pd-Pb
system, the exothermic adsorption energy of H on the surface (–0.52 eV) is similar to that of
Pd, although less active sites are available. Moreover, the differential adsorption energy for the
addition of H layers in the subsurface is endothermic (0.23 eV). Therefore, Pd-alloys are less
prone to form β-hydrides.[32] Interestingly, the action of the ligand on the catalyst prepared
via colloidal routes is similar to that of Pb in the Lindlar catalyst, effectively reducing the
number of active sites (geometric effect) and the adsorption energy of H in the first layer
(–0.39 eV) (electronic effect). This explains the intrinsic alkene selectivity of the HHDMAmodified catalysts (Table 6.2 and Figure 6.6). However, the adsorption of H in the subsurface
is only slightly endothermic (0.07 eV). Therefore, if high H2 pressures are employed, overhydrogenation reactions cannot be avoided, as observed in Figure 6.7. The solvent might, to
a certain extent, mitigate this problem, since it may reduce the amount of H2 in contact with
the surface. Isomerization of the alkenes takes place through the Horiuti-Polanyi mechanism,
depending on the amount of hydrogen that can be stored by the catalyst. As HHDMA-modified
catalysts can keep a significant amount of hydrogen at P > 2 bar, this explains the formation
of 2-hexene in Figure 6.7.
The Lindlar and ligand-modified catalysts are intrinsically stereoselective to cis alkenes in
the hydrogenation of internal alkynes (Table 6.2). The stereoselectivity of the hybrid palladium
catalysts is related to the small ensembles generated by either Pb alloying or by HHDMA
adsorption. This limited ensemble ensures a lower coverage of H on the catalyst surface,
preventing the H addition to the C radical and the reorganization/isomerization of the radical
species.
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Figure 6.9. Schematic representation of the surface of Pd (a), Pd-Pb (b), and Pd-HHDMA (c). In the
Pb-poisoned Pd catalyst (b), the superposition of the Pb exclusion areas is indicated by green hexagons
and the available active sites are enclosed by triangular regions. This represents a two-dimensional
catalytic surface. In the three-dimensional colloidal-based architecture (c), the electric field generated
by the adsorption of HHDMA is represented by green arrows.

The chemoselective hydrogenation of 2-methylbut-1-en-3-yne to 2-methyl-1,3-butadiene
occurs primarily due to the adsorption of the triple bond on the surface. Due to the immobility of
the phosphate groups discussed earlier and the rigidity of 2-methylbut-1-en-3-yne, the ensemble
is too small to simultaneously adsorb the double bond. Similarly, in the case of 2-methyl3-butyn-2-ol, 3-methyl-1-pentyn-3-ol, and 3-methyl-1-pentyn-4-yn-3-ol (Table 6.2), the higher
selectivity observed over the ligand-modified than the bare or alloyed Pd catalysts are related to
the interaction of the hydroxyl group with the Pd surface. The adsorption energy of methanol
is –0.41 eV on Pd and –0.13 eV on Pd-Pb. As the alkynols investigated also contain unsaturated
bonds, these values are further reduced by the contribution of C≡C and C=C bonds. Therefore,
the molecules adsorb strongly on the surface (in line with previous studies on the hydrogenation
of enynes),[224] further reacting with H species and reducing the process selectivity. This effect
is not encountered on the Pd-HHDMA catalysts, as the adsorption energy of an alcohol group
with the coated surface is slightly endothermic (0.06 eV).
Finally, for the hydrogenation of 3-butyn-2-one and 3-hexyn-2-one, the superior performance
of the Lindlar catalyst with respect to Pd-HHDMA surfaces can be traced back to the protic
nature of the Pd-HHDMA and the electric fields presented at the surface (Figure 6.9). The
adsorption energy of the carbonyl group is –0.60 and –0.11 eV for Pd-Pb and Pd-HHDMA,
respectively. As the phosphate anion is protic, it can easily transfer one of the hydrogen
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Figure 6.10. Influence of the adsorption length of different acetylenic compounds on the
hydrogenation activity. Details on the determination of the adsorption length are given in the text
and in Figure A.29, Appendix A. Conditions: T = 293 K, P = 1 bar, F G = 60 cm3 min−1 ,
F L = 3 cm3 min−1 .

atoms to the incoming ketone, establishing further acid-basic equilibria where the phosphate
group behaves as a buffer for hydrogen atoms. This behavior, resembling somehow that of
enzymes and ionic-liquid-stabilized nanoparticles with strong directing electric fields and proton
shuttles,[197,225] is not encountered on bare and alloyed Pd and explain the reduction of the
ketone group, which impairs the selectivity to the alkenones.
6.4.5. Access and Adsorption Constraints in Hybrid Pd Catalysts
Most of the alkynes employed in the pharmaceutical and fine chemical industries comprise
long-chained, highly-branched compounds containing an internal triple bond and additional
functionalities. Stereo- and chemoselective hydrogenation only occurs if the C≡C unsaturation
can be adsorbed on the palladium site. However, for Pd-HHDMA, the presence of the ligand
imposes severe access and/or adsorption constraints, which are controlled by the chemical and
physical nature of the HHDMA layer. To unravel the effects of these limitations, the performance
of the Lindlar and NanoSelectTM catalysts has been evaluated in the hydrogenation of alkynes
of varying adsorption length. Particularly, the adsorption length has been obtained from the
density isocontour[226] and is defined as the size of the hydrocarbon when the triple bond
is activated on palladium. In fact, as shown in Figure A.29, this length differs from that of
the molecule when the C=C unsaturation is not activated. Figure 6.10 shows that the Pd-
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HHDMA/TiSi2 O6 catalyst provides a comparable degree of conversion to that of the Lindlar
catalyst in the hydrogenation of short-chain alkynes, and is inactive when the adsorption length
of the alkyne is increased to more than 8 Å. In fact, for larger alkynes, only the Lindlar catalyst
provides an optimal conversion. This can be rationalized considering that the Lindlar catalyst
is a two-dimensional system in which the Pb atoms create 2D isolated ensemble sites, while the
HHDMA-modified catalyst is an anisotropic three-dimensional architecture in which the ligand
creates hydrophobic ‘pores’. These porous assemblies evolve over time (Figure A.26), allowing
the acetylenic molecules to penetrate the surfactant layer (Figure 6.11), provided they are not
too bulky. In fact, the insertion of bulky alkynes implies a penalty in terms of configurational
entropy, which is compensated by the van der Waals interactions between the alkyne and the
HHDMA tail. Once the acetylenic species has navigated into the surfactant layer, it needs to
re-orientate to be able to access the active site with the correct configuration. In this case,
the adsorption can be limited by the rigid distribution of the phosphate groups on the surface.
Indeed, the dynamic flexibility of the ligands generates rigid elliptical cavities in close proximity
to these anions, which have a maximum length of ca. 8 Å. Ethynylbenzene does not suffer from
a similar restriction not only for its small size but also because it interacts strongly with the Pd
surface, opening a large ensemble. On the other hand, for 7-decyn-1-ol, 1,1-diphenyl-2-propyn1-ol, and 9-hexadecyn-1-ol, the adsorption length is far too large to ensure that these species
can sit on palladium and react. This justifies the absence of conversion for the NanoSelectTM
catalyst. These results are in agreement with the data in Figure 6.10. The fact that acetylenic
species with adsorption lengths greater than 8 Åare not hydrogenated by the NanoSelectTM
catalyst suggests that the ensemble size of Pd is constituted by approximately two adjacent
palladium atoms.
In order to corroborate whether the activity of the NanoSelectTM catalyst can be enhanced
with a controlled removal of the HHDMA layer, the Pd-HHDMA/TiSi2 O6 catalyst has been
subjected to UV-ozone treatments and subsequently tested in the hydrogenation of 1-hexyne,
9-hexadecyn-1-ol, and 1-1,-diphenyl-2-propyn-1-ol (Figure A.30). The results show that the
optimal duration of UV-ozone treatment is substrate specific, requiring careful fine-tuning. In
general, the complete removal of adsorbed HHDMA molecules is associated with a drop of the
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Figure 6.11. Proposed mechanism for the insertion and adsorption of a long-chained alkyne
(represented in green) on the Pd surface of the NanoSelectTM catalyst. The picture highlights the
opening of the HHDMA chains, which allows the adsorption to take place. The color codes are indicated
in the captions of Figures 6.1 and 6.5.

selectivity to the alkene.
Despite these findings, which could limit the application of the NanoSelectTM catalyst in
some industrial application, it is noteworthy that the catalytic systems standardly applied
in industrial gas-phase catalyzed hydrogenations contain less than 0.05 wt.% Pd. On the
other hand, the Lindlar catalyst applied in liquid-phase fine chemical manufacturing contains
5 wt.% Pd. In this case, the addition of Pb, in the catalyst formulation, and of quinolone, in
the reaction mixture, block a large fraction of the active sites, leaving only one tenth of the
Pd atoms available for hydrogenation.[32] The novel materials prepared via colloidal routes are
formulated with ca. 0.5 wt.% Pd. The electrostatic interactions between the stabilizer HHDMA
and the Pd nanoparticles blocks three out of four surface atoms (Figure 6.9), leaving single active
centers that are completely isolated from the neighboring active sites. Therefore, in addition to
providing a Pb-free alternative to the Lindlar catalysts, these hybrid materials competitively
improve the metal utilization in liquid-phase alkyne hydrogenations by site modification and
isolation.

6.5. Conclusions
The alkyne hydrogenation performance of a representative set of Pd-based catalysts has
been correlated with structural descriptors derived from characterization methods, DFT
calculations, and MD simulations. Supported ligand-modified palladium, developed as a leadfree alternative to the archetypal Lindlar catalyst, overcomes the suboptimal selectivity of
Pd-only nanoparticles through the presence of an HHDMA capping layer. Similar to the role
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Figure 6.12. Important acetylenic intermediates in the pharmaceutical and fine chemical industries
whose semi-hydrogenation is currently catalyzed by the Lindlar systems.

of lead in the Lindlar catalyst, the adsorbed ligand serves to isolate and tailor the accessibility
of the active site and tune the energy landscape of the catalyst. For these reasons, in the
hydrogenation of acetylenic compounds featuring isolated unsaturations and hydroxyl groups,
these materials exceed the performance of the Pd-Pb alloy with a ten times lower palladium
loading. Nevertheless, specific substrates such as long-chain alkynols and alkynones are not
compatible with the use of the HHDMA-modified Pd catalysts, due to steric hindrance and acidbase interactions on the surface. This adds an extra degree of complexity in the performance of
Pd nanoparticles prepared via colloidal routes. These findings provide a wide perspective on the
applicability and limits of hybrid catalysts for hydrogenation, offering key insights for the design
of future alkyne hydrogenation catalysts which are ultra-selective to the olefin production and
do not suffer from accessibility constraints.

Chapter 7
Hybrid Platinum Catalysts
for the Hydrogenation of Nitroarenes
7.1. Introduction
A variety of heterogeneous catalysts applied in the chemical industry are composed of highly
dispersed metal nanoparticles supported on inorganic or organic carriers.[227] Due to remarkable
achievements in the field of colloidal chemistry,[228,229] the past decade has witnessed the
development of new methods for synthesizing metal nanoparticles with tailored size and shape
and controlled interaction with their surroundings. These features, in fact, can profoundly
determine the performance of these materials when used as catalysts.[230] Colloidally-prepared
nanomaterials are typically prepared from a suspension of the metal salt, using inorganic
reducing agents such as hydrazine or LiBH4 , and organic ligands that limit metal aggregation,
such as poly(N-vinyl-2-pyrrolidone), N-heterocyclic carbene, or triphenylphosphine.[225] Despite
the growing number of publications in this area, the exploitation of colloidal methods at
the industrial scale is often hampered by the use of expensive and toxic reagents and lowboiling-point solvents.[68] In an attempt to reduce the use of stoichiometric compounds,
BASF has invented the NanoSelectTM technology, comprising surfactant-stabilized Pt, Pd,
and Pt-Pd nanocatalysts prepared in aqueous medium, using the non-toxic hexadecyl(2hydroxyethyl)dimethylammonium dihydrogen phosphate (HHDMA) ligand as a reducing and
stabilized agent.[68,231] These materials, which are marketed as lead-free alternatives to Lindlartype catalysts, have been successfully applied in the selective hydrogenation of a variety of
compounds.[68,231]
In the previous chapter, we have investigated the performance of NanoSelectTM -Pd in
the continuous semi-hydrogenation of functionalized alkynes, deriving structure-performance
relationships.[232] Despite the ten-fold lower Pd content in the colloidal system, these materials
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Figure 7.1. Haber mechanism describing the hydrogenation of nitrobenzene to aniline. The direct
reduction (blue) and the condensation (red) routes are highlighted. Color codes: H (white), C (gray),
N (purple), and O (red).

match or even exceed the stereo- and chemoselectivity of the Lindlar-type Pd-Pb/CaCO3
catalyst. Notably, distinctions in the catalytic performance were correlated with the relative
accessibility of the organic substrate to the active site, as well as with the adsorption
configuration and strength, depending on the ensemble size and surface potentials.[232]
Nonetheless, relevant structural aspects including the preferential adsorption of the surfactant
on planar or stepped surfaces of the metal and the extent of the HHDMA anchored to the
support have not yet been addressed, although they would enable a more comprehensive
understanding of the structure and reactivity of these materials.
The hydrogenation of functionalized nitroaromatics to aniline derivatives is another relevant
reaction for the production of key building blocks in the synthesis of pharmaceuticals,
polymers, herbicides, and dyestuffs.[36,233] This type of reaction is currently conducted in
(semi-)batch slurry reactors,[234] using Pt nanoparticles modified with the addition of lead,
bismuth, phosphoric acid, or vanadium.[37] Despite the good reactivity and significant degree of
selectivity exhibited by these materials at mild reaction conditions, new restrictions in the use
of harmful modifiers call for sustainable catalytic formulations. Besides, it has been recently
demonstrated that 50% of the reactions performed in the pharmaceutical and fine chemical
industries (including the chemoselective hydrogenation of nitroaromatics) would benefit from
a continuous operation, due to the improved mass and heat transfer and shorter reaction
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Figure 7.2. Illustration of the flow hydrogenation of a representative nitroaromatic compound
(bottom) and structures of the Pt-HHDMA and Pt–Pb nanoparticles with an inset on the metal
surface (top). Color codes: H (white), C (light gray), N (purple), O (red), P (orange), Pb (dark gray),
and Pt (dark blue).

times, leading to a high space-time yield, energy saving, and safety.[69,70,72] The mechanism
of nitroarene hydrogenation was proposed by Haber in the late 1890s for the equivalent
electrochemical reaction and entails two competing pathways (Figure 7.1).[40] In one case,
it involves the reduction of the nitro to a nitroso group, the rapid addition of a second
equivalent of hydrogen resulting in the formation of hydroxylamine, and the production of
aniline by hydrogenation of hydroxylamine. In the other case, two nitroaromatic intermediates
interact leading to dimers (azo, azoxy, and hydrazo species). To the best of our knowledge, this
mechanism was never corroborated on theoretical grounds and many hypotheses regarding the
adsorption and reactivity of the reducible nitroaromatic on platinum require clarification.[36,38]
In this chapter, we have studied the hydrogenation of functionalized nitroaromatics over
the poison-free NanoSelectTM -Pt catalyst (Pt-HHDMA/C). The combination of advanced
characterization methods, systematic kinetic tests in a three-phase continuous micro-reactor,
Density Functional Theory (DFT), and classical and first principles Molecular Dynamics (MD)
enabled a better understanding of the structure of this hybrid catalyst and its superior catalytic
performance with respect to the benchmark Pt-Pb/CaCO3 (Figure 7.2). Besides, we provide
the first validation by DFT of the Haber mechanism for nitroarene hydrogenation.
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7.2. Experimental
7.2.1. Materials
The ligand-modified Pt-HHDMA/C catalyst (0.8 wt.% Pt; NanoSelect Pt-100TM , Strem
Chemicals, ref: 78-1630) was used as received. As detailed elsewhere,[231] the catalyst was
prepared by dissolving H2 PtCl6 in an acidic solution containing water and HHDMA. A slurry
of carbon powder in water was added to the mixture, and the suspension was stirred at 353 K
for 2 h. The catalyst was finally filtered off and extensively washed. The organic capping layer
on the surface of the Pt nanoparticles could be eventually removed by applying an UV-ozone
treatment, using a Bulbtronics 16 W low-pressure mercury lamp emitting at 185-257 nm and
positioned at a distance of 5 mm from the sample. The Lindlar-type Pt-Pb/CaCO3 (5 wt.%
Pt + 1 wt.% Pb) catalyst was prepared by following a published recipe.[38] Briefly, potassium
tetrachloroplatinate (0.17 g, Alfa Aesar, 99.999%) was dissolved at room temperature in aqueous
HCl (0.5 M, 3 cm3 ), followed by dropwise addition of aqueous NaOH (3 M), until reaching a pH
of 4.5. The calcium carbonate carrier (1.5 g, Fluka, >99.5%) was added to the solution and the
resulting suspension was stirred for 30 min at 353 K. Aqueous sodium formate (0.7 M, 1 cm3 ,
Fluka, >98%) was supplied as reducing agent and the brown slurry was magnetically stirred for
30 min until turning black, indicating the reduction of the platinum cations into Pt0 . The solid
was filtered off and extensively washed with deionized water. Afterwards, the moist catalyst
paste was poured into aqueous lead acetate trihydrate (0.04 M, 1 cm3 , ABCR-Chemicals, 99%)
and the slurry was stirred for 1 h at 353 K. The solid was separated by filtration, washed with
deionized water, and dried overnight at 338 K.
7.2.2. Catalyst Characterization
The platinum and lead content was determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Horiba Ultra 2 instrument equipped with a photomultiplier
tube. The H, C, N, O, P, and Cl content was determined by elemental analysis in a LECO CHN
900 combustion furnace. Scanning transmission electron microscopy (STEM) was undertaken
in a FEI Tecnai F30 FEG operated at 300 kV. Secondary electron micrographs of the uncoated
samples were acquired using a Zeiss Gemini 1530 FEG SEM operated at 1 kV. The materials

Hybrid Platinum Catalysts for the Flow Hydrogenation of Nitroarenes

123

were dispersed as dry powders on holey carbon-coated copper grids. Pulse chemisorption of
carbon monoxide was conducted in a Thermo TPDRO 1100 analyzer. The sample (50 mg) was
pretreated in He (20 cm3 min−1 ) at 393 K for 1 h and reduced in 5 vol.% H2 /He (20 cm3 min−1 )
at 348 K for 30 min. Thereafter, 0.344 cm3 of 1 vol.% CO/He was pulsed into the catalyst bed at
308 K every 4 min. The platinum dispersion was calculated from the amount of chemisorbed CO,
considering an atomic surface density of 1.47×1019 atoms m−2 and an adsorption stoichiometry
of Pt/CO = 1.[235] Nitrogen isotherms were measured at 77 K in a Micromeritics 3Flex
instrument after sample evacuation at 393 K for 6 h. X-ray diffraction (XRD) was measured
on a PANalytical X’Pert PRO-MPD diffractometer. Data were recorded in the 10-70◦ 2θ range
with an angular step size of 0.02◦ and a counting time of 0.26 s per step. X-ray photoelectron
spectroscopy (XPS) was performed on a VG Microtech Multilab 3000 spectrometer featuring a
hemispheric electron analyzer with 9 channeltrons and non-monochromatized Al Kα radiation
at 1486.6 eV. The catalysts were pretreated in He (20 cm3 min−1 ) at 393 K for 1 h. The spectra
were collected under ultra-high vacuum conditions (residual pressure = 5×10−8 Pa) at a pass
energy of 50 eV. In order to compensate for charging effects, all binding energies were referenced
to the C 1s level at 284.6 eV. Thermogravimetric analysis (TGA) was performed in a Mettler
Toledo TGA/DSC 1 Star microbalance connected to a Pfeiffer Vacuum ThermoStar GSD 320
T1 mass spectrometer, after pretreatment of the samples in N2 (40 cm3 min−1 ) at 393 K for
1 h. The analysis was performed in air (40 cm3 min−1 ), ramping the temperature from 298
to 1173 K at 10 K min−1 . Fourier transform infrared (FTIR) spectroscopy was performed in a
Bruker Optics Vertex 70 spectrometer equipped with Hg-Cd-Te detector, high temperature cell,
and ZnSe windows. The cell was filled with powdered catalyst and carefully levelled to minimize
reflection from the sample surface. The spectra were recorded in He (20 cm3 min−1 ) at 473 K.
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was performed on a ION-ToF
GmbH ToF.SIMS.5 reflectron-based mass spectrometer equipped with a Bi3 ++ primary ion gun
operated at 50 kV and an electron flood gun for charge compensation. Prior to data collection,
the reference HHDMA surfactant was diluted in ethanol and a few droplets of the solution were
deposited on a silicon wafer and dried in ambient air for 2 h. A thin layer of powdered catalyst
was deposited on an aluminum foil. The analysis was conducted by recording the secondary ion
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mass spectra in the atomic mass unit range of 1-600, using a probing area of 200×200 µm2 . In
the positive mass mode, the calibration of the mass spectra was based on CH3 + (m/e 15.025),
C2 H5 + (m/e 29.04), C3 H7 + (m/e 43.05), and C4 H9 + (m/e 57.07). In the negative mass mode,
the calibration was based on CH− (m/e 13.01), C2 H− (m/e 25.01), C3 H− (m/e 37.01), and
C4 H− (m/e 49.01). The normalized intensities were obtained by dividing each peak of the
spectra by the total measured intensity.
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P magic-angle spinning nuclear magnetic resonance

(MAS NMR) spectra were recorded at a spinning speed of 10 kHz on a Bruker AVANCE 700
NMR spectrometer equipped with a 4 mm probe head and 2.5 mm ZrO2 rotors at 104.3 MHz.
7.2.3. Catalyst Evaluation
The hydrogenation of nitroaromatic compounds was carried out in the fully-automated
ThalesNano H-Cube ProTM setup. As described elsewhere,8 the system is equipped with an
electrolytic cell for in situ H2 generation using Millipore water, an HPLC pump for the
feeding of the reactants, an autosampler, and a CatChangerTM . The latter, in particular,
consists of six parallel isothermal micro-reactors (Figure 6.2 in Chapter 6), which enable
high-throughput data acquisition and fast kinetic studies. The gaseous hydrogen and the
liquid mixture containing both the nitroaromatic substrate and the solvent flow concurrently
upward through a stainless-steel cartridge of ca. 3.5 mm internal diameter placed into the
CatChangerTM . This contains a fixed bed of particles, comprising the catalyst (0.1 g) and
silica (ca. 0.07 g), both with a particle size of 0.2-0.4 mm. This configuration is referred
to as ‘flooded-bed reactor’ and, compared to the standard down-flow ‘trickle-bed reactor’, is
particularly advantageous for studying three-phase hydrogenation reactions due to the much
higher mass and heat transfer coefficients between the gas and the liquid phases.[204] The
nitroaromatic substrates included nitrobenzene (Sigma-Aldrich, 99%), 1-chloro-4-nitrobenzene
(Sigma-Aldrich, 99%), 4-nitrostyrene (TCI Deutschland GmbH, 95%), 4-nitrotoluene (SigmaAldrich, 99%), 1,4-dinitrobenzene (Alfa-Aesar, >98%), 5-methyl-2-nitroaniline (Sigma-Aldrich,
95%), and 4-nitrobenzamide (ABCR-Chemicals, 98%). Unless specified otherwise, the inlet
solutions contained 5 vol.% of the nitroaromatic substrate and tetrahydrofuran (THF, SigmaAldrich, 99.9%) as the solvent. The kinetic tests were performed at various temperatures (303363 K), pressures (1-60 bar), and liquid (0.3-3 cm3 min−1 ) and H2 (3-60 cm3 min−1 ) flow rates.
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The reaction products were collected after reaching (in only 10 min) steady-state operation,
and analyzed offline in a HP-6890 gas chromatograph equipped with a HP-5 capillary column
and a flame ionization detector. The conversion of the substrate i (X (i)) was determined as
the amount of reacted substrate divided by the amount of substrate at the reactor inlet. The
selectivity to the product j (S (j)) was quantified as the amount of the particular product
divided by the amount of reacted substrate. The reaction rate (r) was expressed as mole of
product per mole of Pd and unit of time.

7.3. Computational Details
Periodic DFT calculations were performed with the Vienna Ab-initio Simulation Package,[132,206]
using the generalized gradient approximation in the form of the revised Perdew-BurkeErnzerhof[88] exchange-correlation functional. In order to include the dispersion contributions in
the functional, the DFT-D2 approach was used,[89,90] employing for Pt and Pb the parameters
refined in Chapter 6.[236] The projected augmented wave method was used to describe the
interaction between valence and core electrons.[133] The number of plane waves was determined
by a kinetic cutoff energy of 450 eV and the number of k-points was adapted to achieve a similar
sampling density in the reciprocal space. The structure of HHDMA was re-optimized based on
the results in Chapter 6.[232] This ligand features a quaternary ammonium polar group attached
to an aliphatic chain that interacts with the dihydrogenphosphate anion by electrostatic forces;
on the other hand, the hydrocarbon tail is able to self-organize linearly by van der Waals
interactions. The D2 parameters for the organic tail were taken from the work of Grimme.[89]
To model the Pt-HHDMA catalyst, we have considered low-index Pt(111) and Pt(311)
faces containing surface platinum atoms with coordination numbers of 9 and 6, respectively. In
particular, we have performed supercell p(2×2) periodic calculations of slabs with thicknesses
of five atomic layers and vacuum gap of ca. 20 Å. The two atomic layers at the top were allowed
to relax, whereas the three bottom layers were fixed at their bulk positions. We have adsorbed
one HHDMA molecule per surface simulation cell; the energy of adsorption on the Pt surfaces
was calculated as: E ads = E surf+HHDMA – E surf – E HHDMA , where E surf+HHDMA is the energy
of the surface with the adsorbed HHDMA species, E surf is the energy of the simulation cell
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containing only the surface, and E HHDMA is the energy of the HHDMA crystal structure per
formula unit. It has been recently proposed that the interface between Pt and the surfactant
might contain residual chlorine anions from the preparation process.[237] We have analyzed the
possible interaction of these ions with HHDMA and Pt, and the results of the calculation are
included in Appendix A. To model the Pt-Lindlar catalyst, single platinum atoms in the first
layer of Pt(111) were substituted with lead with a 0.25 ML coverage, similarly to the Pd-Lindlar
structure.[32,207] Notice that Lindlar-type Pt-Pb catalysts have been prepared in the past using
different supports (i.e., carbonates, sulfates, and oxides).[38] However, no effect on the activity
and selectivity was noted. Besides, the average diameter of the Pt-Pb nanoparticles in this
system is approximately 8 nm. If the sites at the interface between the metal particles and the
support were relevant for the reaction, smaller nanoparticles would be more active. The fact
that this is not experimentally encountered indirectly discards any role played by the support
in the reaction, justifying the fact that we neglected to model the CaCO3 carrier.
The propensity of the catalysts to hydrogenate nitroaromatic compounds was assessed by
considering the adsorption energy of specific reactants and products (specifically, C6 H5 NO2 ,
C6 H5 NH2 , ClC6 H4 NO2 , and ClC6 H4 NH2 ) on a p(4×4) supercell. The climbing-image nudged
elastic band algorithm[94] was employed to calculate the transition states of the elementary
steps involved in the hydrogenation of ClC6 H4 NO2 on Pt-Pb and Pt-HHDMA, using at least
four images along the reaction coordinate. The transition states were confirmed by having only
one imaginary frequency.
Additional calculations to assess the convergence of adsorption energies of the reactants
were performed on a nanoparticle with a diameter of 1.7 nm and capped with H2 PO4 − and
N+ (CH3 )3 (CH2 )OH. A 260-atom Pt nanoparticle was built in a cuboctahedron with a number
of HHDMA molecules in agreement with the experiments. This structure was equilibrated
through first principles Molecular Dynamics. The simulations were performed in the canonical
ensemble using DL_POLY Classic code. The Verlet algorithm[219] was used to integrate the
particles equation of motion with a timestep of 1 fs. The simulations were carried out at 303 K
and 20 bar using the Nosé-Hoover thermostat.[217,218] In our case, the Pt(111)-HHDMA system
was modeled in a hexagonal simulation cell with dimensions of 28×28×90 Å, and HHDMA
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Figure 7.3. Secondary electron microscopy (left), high-angle annular dark-field scanning transmission
electron microscopy (middle), and particle size distributions (right) of Pt-HHDMA/C (a) and
Pt–Pb/CaCO3 (b).

adsorbed on both side of the Pt slab. The gap between the repeating slabs was filled with
180 molecules of tetrahydrofuran, which was used as a solvent in the catalytic experiments.
The platinum, ligand, reactants, and solvent species were relaxed, maintaining the H2 PO4 −
ions fixed at the optimized positions provided by Density Functional Theory. A combination of
compatible interatomic potential models was employed for the description of the interactions
between the atoms in the systems. Particularly, the generalized AMBER force field was used
for the ligand, reactant, and solvent molecules,[212,213] and METAL was used for platinum.[214]

7.4. Results and Discussion
7.4.1. Differences Between Pt-Pb and Pt-HHDMA
The Pt-HHDMA/C catalyst contains 0.8 wt.% Pt. Comparatively, Pt-Pb/CaCO3 has
approximately 5 wt.% Pt and, in addition, 1 wt.% Pb (Table 7.1). Transmission electron
microscopy confirms that the spherical Pt-HHDMA nanoparticles are well distributed over the
carbon carrier of the hybrid catalyst (Figure 7.3), displaying an average diameter of ca. 2 nm,
which corresponds to a degree of metal dispersion of 49%. This value is slightly higher than that
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Figure 7.4. Pt 4f core level X-ray photoelectron spectroscopy of the catalysts.

determined by CO chemisorption (47%) and could indicate that some of the platinum atoms
over Pt-HHDMA/C are inaccessible. The Pt-Pb particles decorating the carbonate phase of
the Lindlar-type catalyst exhibit a much broader size distribution centered at around 8 nm
(Figure 7.3). This corresponds to a degree of metal dispersion of 7%, in line with the results
from CO chemisorption (Table 7.1), suggesting that all surface atoms are accessible to the
reactants. XRD further verified the presence of typical Pt reflections only in the case of PtPb/CaCO3 .
The total surface area of the hybrid Pt-HHDMA material is relatively high
(S BET = 234 m2 g−1 ) and the porous nature of the support (V pore = 0.32 cm3 g−1 ) is
confirmed by scanning electron microscopy (Figure 7.3). The Pb-poisoned catalyst, in contrast,
has a total surface area of only 4 m2 g−1 and a pore volume of 0.01 cm3 g−1 ; this is
expected considering that the basic CaCO3 support is composed of large, nonporous particles
(V pore,support = 0.03 cm3 g−1 ). XPS (Figure 7.4) evidences a single Pt 4f 7/2 core level peak
at 71.9-72.0 eV for Pt-HHDMA/C, which is shifted of ca. 0.9 eV with respect to the peak
corresponding to a Pt single crystal.[94] This peak has been assigned in the past to Pt0 and
attributed to quantum effects observed over extremely small (<2 nm) Pt nanoparticles.[238,239]
However, we cannot exclude a minor contribution of oxidic Pt species.[240] The XPS analysis
of the Pt-Pb catalyst, on the other hand, shows broad peaks with characteristic shoulders, in
agreement with the literature,[36,38] which are assigned to Pt0 and Pt2+ species. The atomic
surface Pt/Pb ratio, also determined by XPS, is ca. 2.5.
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Table 7.1. Composition, porosity, and metal dispersion of the catalysts.
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Figure 7.5. Thermogravimetric analysis in air of Pt-HHDMA/C. In the inset, diffuse reflectance
infrared Fourier transform spectroscopy at different temperatures (1–3) of the same catalyst.

7.4.2. Structure of Pt-HHDMA
Thermogravimetric analysis confirms the presence of HHDMA molecules adsorbed on the
surface of the colloidally-prepared Pt catalyst (Figure 7.5). The profile exhibits a first weight
loss at 570-580 K, assigned to the decomposition of the ligand, and a second weight loss at
ca. 800 K, associated with the oxidation of the carbon support. At the high temperatures
where the organic ligand decomposes, the Pt nanoparticles are expected to agglomerate.[232]
Thus, only the simultaneous action of ozone and ultraviolet light, which oxidize the carboncontaining ligand into carbon dioxide and water, can selectively remove the HHDMA shell
without altering the Pt particle size.[232] The presence of HHDMA on the Pt surface is further
confirmed by the observation of characteristic bands between 3000 and 2800 cm−1 and between
1100 and 1200 cm−1 in the infrared spectra of the Pt-HHDMA sample (inset in Figure 7.5).
The formers are assigned to the C-H stretching vibration of the organic tail of the surfactant,
while the latters are due to the phosphate group of HHDMA.[241] The intensity of these bands
starts to decrease at ca. 550 K, in line with the TGA analysis.
The total content of H, C, N, O, P, and Cl determined by elemental analysis are ca. 2.6 wt.%,
88.9 wt.%, 0.7 wt.%, 6.3 wt.%, 0.2 wt.%, and 0.5 wt.%, respectively (Table 7.1). XPS, however,
suggests that the Cl species are almost absent from the surface (surface concentration of
Cl = 0.02 wt.%), in line with published works.[201,237] The content of C cannot be taken into
account for an accurate estimation of the quantity of HHDMA on the material, considering
that the catalyst contains activated carbon as carrier. Contrarily, based on the content of P
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Figure 7.6. Time-of-flight secondary ion mass spectrometry (a),
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magic-angle spinning nuclear

magnetic resonance (b), and P 2p core level X-ray photoelectron spectroscopy (c) of Pt-HHDMA/C.
The inset in (b) highlights the interaction of the ligand with the Pt surface via an orthophosphate
group. Color codes as specified in the caption of Figure 7.2.

and considering the HHDMA stoichiometry (C20 H44 NO5 P), we can approximately estimate
the number of HHDMA molecules containing a phosphate group (3×1021 ), which is one
order of magnitude lower than that determined by considering the results for H, N, and O
(3×1022 HHDMA molecules). This discrepancy can be explained by taking into consideration
that the surfactant adsorbs on both the Pt nanoparticles and carbon support. In the former,
the adsorption features a phosphate group connected with an N-containing organic tail; in
the latter, the adsorption occurs at the interphase between the N-containing tail of HHDMA
and the hydroxyl groups on the support, with the orthophosphate anion being eliminated as
H3 PO4 .[242] Thus, measuring the content of P appears to be the most accurate way to estimate
the amount of ligand directly on the Pt nanoparticles. From the ratio between the concentration
of HHDMA on Pt and that on the catalyst, it is possible to estimate that approximately 10%
of the total HHDMA is deposited on the nanoparticles, and the remaining 90% is on the carbon
carrier. Notably, the concentration of organics does not change upon hydrogenation, pointing
to the absence of HHDMA leaching.
In an attempt to understand the coordination of the ligand on the surface of Pt, we have
conducted ToF-SIMS analyses. This very sensitive surface technique, in fact, can be employed
to examine the chemistry of strongly-adsorbed molecules on catalysts.[243] The SIMS spectrum
obtained for Pt-HHDMA/C (Figure 7.6a) after reference subtraction evidences a series of
cluster ions at 210 and 246 m/e, assigned to PtO− and PtOP− , respectively, indicating direct
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interaction of the anionic phosphate head with the metal surface. NMR (Figure 7.6b), which
has been employed in the past to determine the structure of organic materials, including ligand
molecules on nanoparticles,[244] confirms a single chemical shift for the anion part belonging to
an orthophosphate group. XPS (Figure 7.6c) further verifies the presence of a P 2p3/2 core level
peak at 134 eV, attributed to PO4 3− , proving that only the anionic part of the ligand interact
with the platinum surface through an oxygen atom.
Dispersion-corrected DFT calculations provide further insights on the structure and energy
landscape of the hybrid nanomaterial. The most favorable adsorption mode of HHDMA on the
lowest energy surface, Pt(111), is through the oxygen atoms of the dihydrogen phosphate anion
(Tables A.5 and A.6, Figure A.31a), in agreement with the preferential adsorption of anionic
species reported elsewhere.[223] The quaternary ammonium head comprising the HHDMA tail
remains in close proximity of the H2 PO4 − anion, interacting through electrostatic forces and
through an hydrogen bond between the CH2 OH side tail and the H2 PO4 − group. This process is
highly favorable, considering that the interaction energy of Pt(111)-HHDMA with respect to the
surfactant crystal reference is exothermic by 3.90 eV. Despite the presence of low-coordination
sites on the surface of a 2 nm Pt nanoparticle, the stabilization gained at these faces is quite
similar, suggesting that Pt(111) provides a reasonable representation of a typical active surface.
In fact, the computed adsorption energy over Pt(311) is only 0.28 eV more stable than that
over Pt(111) and the main difference between both surfaces relates to the distance between the
metal and oxygen atoms. On Pt(311), the ligand prefers to adsorb at the step position of the
surface and two oxygen atoms coordinate with the Pt surface at around 2.11 Å (Figure A.31b).
On Pt(111), the average distance is 2.77 Å and three oxygen atoms interact with the surface.
Besides, the distance between the cationic head of the tail and the surface is 7.17 Å over Pt(311)
and 7.77 Å over Pt(111). We have additionally investigated which type of anion is more likely
to be present at the interface of the hybrid catalyst, taking into account the presence of residual
Cl− species (Table 7.2 and A.6, Figures A.31c and A.32). The models suggest that the H2 PO4 −
anion can thermodynamically displace Cl− from the surface. The energy difference between
both structures, obtained with respect to the surfactant crystal references, is 0.86 eV in favor
of the H2 PO4 − anion (for a more detailed discussion, see Figures A.33-A.35).
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Figure 7.7. Conversion at different temperatures and pressures during the hydrogenation of
nitrobenzene (a), chloronitrobenzene (b), and nitrostyrene (c) over Pt-HHDMA/C and Pt–Pb/CaCO3 .
Conditions: F G = 18 cm3 min−1 , F L = 3 cm3 min−1 . The contour maps were created by spline
interpolation of the experimental points indicated. At all conditions, both catalysts are fully selective
to the aniline products.

7.4.3. Catalytic Performance
The contour maps in Figure 7.7 depict the activity of Pt-HHDMA/C and Pt-Pb/CaCO3
in the continuous-flow three-phase hydrogenation of nitrobenzene, chloronitrobenzene, and
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nitrostyrene. At the conditions investigated, the conversion of nitrobenzene (Figure 7.7a) ranges
between 20-100% over Pt-HHDMA/C and between 10-100% over Pt-Pb/CaCO3 . The former
catalyst, in particular, appears to be more active, reaching full nitrobenzene conversion at
much lower operating conditions (323 K and 10 bar) compared to Pt-Pb (363 K and 40 bar).
The selectivity of the materials is compared at the same degree of conversion (40%). In
particular, the aniline selectivity is 100% over Pt-HHDMA and 98% over Pt-Pb (Table 7.2).
Hydroxylamine is the only by-product over Pt-Pb/CaCO3 , in line with the literature reporting
that the hydrogenation of simple aromatic nitroarenes poses few selectivity problems.[36,38,231]
In order to assess whether other catalysts can reach the same hydrogenation performance, we
have tested Pd-Pb/CaCO3 , Pd-HHDMA/C, Au/TiO2 , and Ag/SiO2 in the hydrogenation of
nitrobenzene. All these catalysts yield incomplete conversions, which suggests that platinum is
a suitable material for the sustainable manufacture of aniline derivatives in flow mode. The PtPb/CaCO3 and Pt-HHDMA/C-catalyzed hydrogenation of chloronitrobenzene and nitrostyrene
in Figures 7.7b and c follows a similar pattern as in the hydrogenation of the simplest nitroarene,
with the colloidally-prepared material being more active than Pt-Pb/CaCO3 . On the other
hand, both catalysts reach the same level of selectivity at comparable degree of conversion
(Table 7.2, Entries 1-3). In the past, Pt-Pb/CaCO3 proved to be one of the few systems that
were able to selectively hydrogenate nitroarenes containing (multiple) unsaturations. The newly
developed Pt-HHDMA catalyst matches the same level of aniline selectivity of Pt-Pb, with much
lower Pt content and no Pb.
The hydrogenation of 4-nitrotoluene (Entry 4) yields 45% conversion and 100% product
selectivity over both catalysts. Applied in the partial hydrogenation of 1,4-dinitrobenzene and
2-5-methyl-2-nitroaniline (Entries 5 and 6), the Pt-HHDMA/C catalyst is highly selective
to the corresponding aniline (95-99%) at 40% conversion. This result is similar to that of
Pt-Pb (96-100% selectivity at ca. 40% conversion). As expected, the Pb-poisoned catalyst
shows an excellent degree of activity and selectivity in the hydrogenation of 4-nitrobenzamide
(nearly 100%), owing to the presence of lead, which strategically isolates the platinum sites.
Comparatively, the ligand-modified catalyst is inactive in the reaction, likely due to the
constraint by the HHDMA ligand. Upon UV-ozone treatment of Pt-HHDMA for 5 min, it
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is possible to partially remove the organic capping layer with no alteration of the platinum
particle size, restoring the activity of the material at mild conditions (21% conversion and
100% selectivity). Much lower selectivities (87%) were detected in the hydrogenation of 4nitrobenzamide over a fully-cleaned Pt-based catalyst, pointing to the role of the ligand in
orienting the reactants towards the Pt surface and preventing unselective reaction pathways.
Notably, the outstanding degree of selectivity of the ligand-modified catalyst has been further
confirmed in the solvent-free hydrogenation of nitrobenzene at T = 303 K, P = 1 bar,
F G (H2 ) = 18 cm3 min−1 , and F L (nitroarene+THF) = 3 cm3 min−1 , obtaining 100% aniline
selectivity at 32% nitrobenzene conversion. Leaching of the active platinum species from the
catalyst could also be excluded during hydrogenation. In fact, the liquid at the reactor outlet,
containing the nitrobenzene, aniline, and tetrahydrofuran was fed to the reactor inlet (at
T = 293 K, P = 20 bar, F G (H2 ) = 18 cm3 min−1 , F L (substrate + solvent) = 0.3 cm3 min−1 )
using a cartridge filled only with silica, and no additional (homogeneous) hydrogenation
occurred, evidencing no loss of the active phase.
7.4.4. Adsorption and Hydrogenation Mechanism
The thermodynamic selectivity concept is the simplest descriptor that can be used to rationalize
activity-selectivity patterns of challenging reactions such as the hydrogenation of functionalized
nitroaromatics over platinum metal surfaces. This refers to the energy difference between the
adsorption of the reactants and that of the products.[28,60,155] A high thermodynamic selectivity
demands that the reactants are much more strongly adsorbed than the products, which in turn
desorb easily, without reduction of the remaining functionalities. The calculated adsorption
energies of C6 H5 NO2 , ClC6 H4 NO2 , C6 H5 NH2 , and ClC6 H4 NH2 , and the relative optimized
structures of the adsorbates on Pt(111), Pt3 Pb(111), and Pt(111)-HHDMA, are shown in
Figures 7.8a and A.33. The target nitrobenzene and 4-chloronitrobenze molecules and the
corresponding aniline species adsorb in a parallel configuration on the Pt(111) surface with
a highly-activated benzene ring sticking out of the surface. In particular, the adsorption energy
of the products (C6 H5 NH2 and ClC6 H4 NH2 ) surpasses that of the reactants (E ads = –1.0 eV
for nitroaromatics and ca. –1.6 eV for anilines). Therefore, the aniline derivatives can be overhydrogenated on Pt(111), resulting in a decreased product selectivity, or can remain on the
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Table 7.2. Product selectivity (in %) at 40% conversion in the hydrogenation of
various nitroaromatic compounds.
Entry

a

Reactant

Product

Selectivitya (%)
Pt-HHDMA/Ca Pt-Pb/CaCO3 b

1

100

98

2

98

96

3

100

100

4

100

100

5

100

96

6

99

100

7

inactive

82

T = 303 K.
cm3 min−1 .

b

T = 363 K. Other conditions: P = 1 bar, F G = 18 cm3 min−1 , F L = 3
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surface, blocking part of the active sites. The high activation of the benzene ring and the
strong chemisorption of the aniline species are behind the poor selectivity of clean Pt in the
reduction of functionalized nitrocompounds.
On the Pt3 Pb stoichiometric surface representing the Pb-poisoned catalyst, the target
molecules adsorb in an almost flat configuration. The adsorption of C6 H5 NO2 and ClC6 H4 NO2 is
moderately exothermic (E ads = –0.25 eV) and the interaction leading to the adsorption process
is between the oxygen of the -NO2 group and the lead atoms of the surface. The reactants
(C6 H5 NO2 and ClC6 H4 NO2 ) are more strongly bonded to the surface than the products
(C6 H5 NH2 and ClC6 H4 NH2 ), although the benzene ring appears to be less activated than in
the case of pure Pt, in line with the higher selectivity found in the reduction of substituted
nitroaromatics over Pt-Pb catalysts (Table 7.2).
Much more complex is the adsorption of reactants on the Pt-HHDMA model surface.
Our computed (111) facet presents a resting state that is very dense in HHDMA. Thus, the
target molecules cannot be computationally fitted into the channels created by the ligands.
In comparison, real nanoparticles are slightly less dense in surfactants (i.e., there is a weaker
packing energy of the tails), due to the concave effect of the curvature of the surface. Because
of the very small size of Pt-HHDMA nanoparticles (ca. 2 nm), there is a significant difference
between the interface radius and the radius generated by the tail of the surfactant chain.
Therefore, to keep the model simple but meaningful, we have employed a Pt-HHDMA surface
where an HHDMA-H2 PO4 unit has been displaced. The energy cost for this step is about
0.15 eV. The adsorption of the target nitroaromatics occurs at this ‘defect’ site on the surface.
A vertical adsorption configuration with the benzene ring perpendicular to the surface and
the -NO2 functionality pointing to the Pt is the preferred configuration. In particular, the
distance between the O of the -NO2 group of 4-chloronitrobenzene and the surface is 2.55 Å
(Figure 7.8b). This directionality is induced by the high coverage of the organic colloidal
interphase and by the stabilizing interactions between the chains and the benzene rings.
Although the adsorption strength of the reactants is weak (–0.01 and +0.06 eV for nitrobenzene
and 4-chloronitrobenzene, respectively), it does correspond to a bound state. Thus, the process
certainly occurs, in agreement with the hydrogenation activity, due to the hydrogen splitting
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Figure 7.8. Adsorption energies of nitrobenzene (red), aniline (blue), 4-chloronitrobenzene (orange),
and 4-chloroaniline (light blue) on Pt(111), Pt3 Pb(111), and Pt(111)-HHDMA (a). DFT-calculated
configuration for the adsorption of 4-chloronitrobenzene (b) and 4-chloroaniline (c) on Pt(111)HHDMA. Adsorption of 4-chloronitrobenzene on a ligand-coated 1.7 nm Pt model nanoparticle
equilibrated with first-principles Molecular Dynamics (d), providing a 0.03 eV adsorption energy.
Color codes: H (white), C (light gray), N (purple), O (red), Cl (green), P (orange), and Pt (blue).

ability of platinum and to the proximity of the -NO2 reducible group to the surface. Such
perpendicular adsorption mode was reported in the past by Corma and co-workers to induce
enhanced activity and selectivity in para-substituted nitrobenzenes on Au/TiO2 (110) model
catalysts.[242] As for the products, the interaction of aniline and 4-chloroaniline on Pt-HHDMA
is –0.22 and –0.58 eV, respectively, and the distance between the H of the -NH2 group of 4chloronitrobenzene and the surface is around 3.13 Å (Figure 7.8c). The larger distance between
the aniline species and the surface in relation with the value for the nitro compound, as well as
the less exothermic adsorption energy of the products are in agreement with the high product
selectivity of HHDMA-modified Pt-based catalysts.
An alternative adsorption mode with the -Cl functionality of the reactants and products in
close proximity to the metal can also be inspected. The adsorption energy of ClC6 H4 NO2 and
ClC6 H4 NH2 are –0.53 and –0.50 eV, respectively. This configuration, however, is not reactive
because of the distance between the metal surface and the reducible -NO2 group (9.8 Å for 4chloronitrobenzene and 9.7 Å the 4-chloroaniline). Furthermore, the role of other model surfaces
on the computed adsorption energies has been additionally studied, by modeling the adsorption
of 4-chloronitrobenze on a Pt nanoparticle containing 260 atoms and coated with a ligand
(Figure 7.8d and A.34). The retrieved adsorption energy obtained for the coated nanoparticle
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differs by 0.1 eV from that obtained on the (111) slab model employed in our calculations.
This is below the accuracy of Density Functional Theory and is line with the convergence
tests performed in the past by Nørskov and co-workers,[245] , and strengthens our results. The
mechanism of hydrogenation of ClC6 H4 NO2 on Pb- and HHDMA-modified Pt is based on
the intermediates identified by Haber for the reduction of nitrobenzene in an electrochemical
environment[40] and takes into account the dissociative nature of H2 adsorption on Ni, Pd, or
Pt metal surfaces:[25]

ClC6 H4 NO2 + ∗  ClC6 H4 NO2 ∗

(H1)

H2 + 2∗  2H∗

(H2)

ClC6 H4 NO2 ∗ +H∗  ClC6 H4 NOOH∗ + ∗

(H3)

ClC6 H4 NOOH∗ +H∗  ClC6 H4 NO∗ +H2 O∗

(H4)

ClC6 H4 NO∗ +H∗  ClC6 H4 NHO∗ + ∗

(H5)

ClC6 H4 NO∗ +H∗  ClC6 H4 NOH∗ + ∗

(H6)

ClC6 H4 NHO∗ +H∗  ClC6 H4 NH2 O∗ + ∗

(H7)

ClC6 H4 NOH∗ +H∗  ClC6 H4 NHOH∗ + ∗

(H8)

ClC6 H4 NH2 O∗ +H∗  ClC6 H4 NH2 OH∗ + ∗

(H9)

ClC6 H4 NHOH∗ +H∗  ClC6 H4 NH2 ∗ +OH∗

(H10)

ClC6 H4 NH2 OH∗ +H∗  ClC6 H4 NH2 ∗ +H2 O∗

(H11)

OH∗ +H∗  H2 O∗ + ∗

(H12)

ClC6 H4 NH2 ∗  ClC6 H4 NH2 + ∗

(H13)

H2 O∗  H2 O+∗

(H14)

Considering the complexity of this reaction network involving several alternative steps (see
Figures A.36-A.39 and Tables A.7 and A.8, Appendix A), it is not surprising that, in the
last century, no other work has investigated the hydrogenation of nitroaromatic compounds
with such a mechanistic depth. Figure 7.9 depicts the energy profiles for the hydrogenation
of ClC6 H4 NO2 on representative surfaces of both catalysts, while all thermodynamic, kinetic,
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Figure 7.9. Energy profile for the hydrogenation of 4-chloronitrobenzene over Pt(111)-HHDMA (blue)
and Pt3 Pb(111) (red). The insets show the different states after addition of hydrogen to the nitroso
compound over the Pt–Pb (top) and Pt-HHDMA (bottom) surfaces. Color codes as specified in the
caption of Figure 7.8.

and geometric parameters as well as potential alternative steps are presented in Appendix A.
Over the Pb-poisoned model system, the chloronitrobenzene weakly adsorbs nearby (H1).
Simultaneously, H2 dissociates with a barrier of about 0.56 eV with respect to the gas-phase
reference, and the final state is exothermic by 0.57 eV per H2 molecule (H2). The first hydrogen
addition to the nitro group forms an R-NOOH group; this process is endothermic by 0.49 eV
(H3). The second hydrogen can reduce the formed intermediate in two potential positions:
the R-NO and the R-NOH fragment. This second possibility leads to the formation of a
water molecule and is thermodynamic and kinetically preferred (H4). Similarly, the resulting
nitrosobenzene can be hydrogenated in two different positions, N and O. The hydrogenation
of the O position is more likely to occur, leading to the R-NOH intermediates (H5’). The
subsequent hydrogenation yields phenylhydroxylamine (H6’, see the inset in the top part of
Figure 7.9), which is quite stable on the surface (ca. 0.8 eV) with respect to the previous
intermediate, in agreement with the mechanistic proposal by Haber.[40] A barrier of 0.55 eV
is found for the final hydrogenation step (H7’), which consists in the hydrogenation of the N
centre and induces a N-OH bond splitting (H8’) resulting in the aniline. Aniline desorption is
endotermic by 0.23 eV (H9). Water formation and desorption close the cycle and occur through
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low-energy steps. Overall, the catalyst appears to be selective but less active due to the large
inhibiting nature of H2 dissociation and nitroarene adsorption on the Pb-poisoned surface.
Notice that the low adsorption energy of the nitro group would prevent the accumulation of
large quantities of nitroarenes on the surface, reducing the possibility of the condensation path
(Figure 7.1) suggested by Haber.[40]
The major structural feature in the hydrogenation of 4-chloronitrobenzene over the PtHHDMA model surface is the orientation of the nitrocompound, which adsorbs perpendicularly
and with the -NO2 group directed towards the surface. Therefore, to describe the complex PtHHDMA system and investigate the consequences of the orientation change in the overall
reactivity, we have considered a clean Pt surface where nitrobenzene adsorption occurs with
this peculiar orientation. The ligand, in fact, acts as a spacer preventing bimolecular paths
due to site isolation. The transfer of the first hydrogen species to R-NO2 is endothermic by
0.49 eV (H3). The resulting R-NOOH intermediate can be hydrogenated to form a nitroso and
a water molecule (H4); this process is exothermic and hindered by a small barrier (0.24 eV).
Differently from the Pt-Pb catalyst, the subsequent H is transferred to the N atom, leading to
an R-HNO species; this process is thermoneutral and involves a barrier of only 0.30 eV (H5).
The hydrogenation of R-HNO yields the formation of R-NH2 O (H6, see the inset in the bottom
part of Figure 7.9). The reduction of R-NH2 O is the most energy demanding step and form
R-NH2 OH (H7). This species is then reduced to obtain the aniline product and water, with an
energy barrier of only 0.15 eV (H8). Product desorption is endothermic for both water and 4chloroaniline. The isolation of the active site created by the modifier (HHDMA or Pb) explains
the high selectivity observed over Pt-HHDMA and Pt-Pb, but not the much higher reactivity
of the former. On the Lindlar-type Pt-Pb catalyst, H2 dissociation is rate-limiting, showing a
remarkable energy barrier (0.56 eV) due to ensemble effects (i.e. Pt is mainly surrounded by
Pb atoms) on top of the entropic constraints related to the direct adsorption.[32] Removing this
bottleneck from the catalyst surface would ensure a higher reactivity. To evaluate the role of
the ligand, H2 dissociation on a Pt-HHDMA-type model consisting of a platinum surface with
the orthophosphate and capping N+ (CH3 )3 (CH2 )OH moiety was investigated. On this system,
H2 adsorption is weakly affected by the presence of the surfactant, since the DFT-calculated
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energy of adsorption (–0.65 eV) is very close to that of Pt(111) (–0.77 eV). Besides, this step
is enthalpically barrierless on the Pt-HHDMA model, as in the case of Pt. This nicely explains
the higher activity of Pt-HHDMA in comparison with Pt-Pb (Table 7.2 and Figure 7.7).

7.5. Conclusions
We have employed a battery of complementary methods to characterize the materials,
performed catalytic evaluations in continuous mode, and conducted computational studies
to advance the understanding of the state-of-the-art ligand-modified Pt-based catalyst for
nitroarene hydrogenation, whose activity largely surpasses those of all catalytic systems
reported in the last two decades. Our research program targeted fundamental questions about
the nature and reactivity of the inorganic-organic interface in the hybrid system, in comparison
to the industrially-relevant Pt-Pb catalyst. In particular, it was possible to trace back the
activity and selectivity of these catalytic materials to geometric and electronic contributions
derived from the experimental and theoretical work. Differently from the Pt-Pb sample, in which
lead strategically substitutes the Pt species on the nanoparticle surface, the colloidally-prepared
Pt-HHDMA catalyst presents a three-dimensional architecture where the hydrogen phosphate
anions of the ligand preferentially adsorb on the Pt surface with the cationic surfactant heads
bridging different positions. As depicted by the classical MD simulations, the reactants pass
across the ligand shell to reach the active sites. Kinetic tests conducted in a flow micro-reactor
have demonstrated the superior activity of Pt-HHDMA/C with respect to the benchmark PtPb/CaCO3 for a wide array of nitroaromatics containing halogen, carbonyl, olefinic, and nitrile
functionalities. The high selectivity of both materials has been ascribed to geometric effects,
i.e. to the perpendicular adsorption mode of the reactants, which prevents unselective reaction
pathways such by inducing site isolation. As for the activity, the organic ligand in Pt-HHDMA
prevents the electronic poisoning of the Pt sites (present in Pt-Pb) and alleviates the energy
penalty required for the activation of molecular hydrogen. These findings substantially enrich
the structural and mechanistic understanding of HHDMA-modified catalysts, offering a wide
perspective for the advanced design of hybrid nanocatalysts for challenging reactions.

Chapter 8
A Stable Single-Site Palladium Catalyst
for Hydrogenations
8.1. Introduction
The selective hydrogenation of acetylenic and nitroaromatic compounds is importantly applied
in the synthesis of building blocks for polymers, vitamins, fragrances, and agrochemicals.[9]
Commercial catalysts for this family of reactions are based on supported Pd or Pt nanoparticles
modified with harmful promoters such as lead (Lindlar catalyst) and, more recently, with
organic ligands (NanoSelectTM ).[30,41,50,53,68,232] The modifiers not only alter the energy of
adsorption of reactants and products but also reduce the size of the ensemble of surface atoms
where the reaction takes place. This prevents oligomer production and hydride formation,
responsible for isomerization and over-hydrogenation.[31,41,232] In an attempt to improve the
performance of conventional catalysts, enormous efforts have been devoted to the design of
materials with tailored metal particle size.[196,246] In fact, engineering the active ensemble which
is able to activate H2 and display interactions strong enough with the reactants and weak with
the products would offer unrivalled opportunities for atom-efficient catalytic transformations.
The ultimate frontier in size reduction is the single-site heterogeneous catalyst, in which isolated
metal atoms anchored on a support catalyze hydrogenation reactions, mimicking the activity
of biological entities such as enzymes and antibodies.[247,248] Flytzani-Stephanopoulos and coworkers have recently demonstrated that a single crystal containing a Cu(111) surface doped
with isolated Pd atoms can activate hydrogen and display activity in the hydrogenation of
ethyne under ultra-high vacuum conditions.[74] Nevertheless, the relatively low ethene selectivity
(30%) at moderate ethyne conversions (10-20%) and the temperature, pressure, and material
gap of model catalysts limit the broad applicability of this work. The synthesis of more
realistic single-site heterogeneous catalyst is still challenging, since the isolated atoms are
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thermodynamically unstable and tend to leach and agglomerate during the first few hours
of reactions.[249–252] In order to design stable single-site catalysts, it is crucial to select a
high-surface-area carrier containing ‘cages’ or ‘cavities’ which can entrap the catalyticallyactive atoms in an isolated form, similarly to what has been done in the past for asymmetric
organometallic catalysts and ‘ship-in-bottle’ nanostructures.[247,248]
Mesoporous polymeric graphitic carbon nitride (mpg-C3 N4 ) is attracting increasing interest
in the field of materials science due to its lattice-hole structure partially resembling a Sierpiñsky
sieve. This material contains characteristic ‘6-fold cavities’, delimited by six C3 N4 rings and
derived from heptazine polymerization (Figure 8.1a and Figure A.40, Appendix A).[253–255]
This structure gives rise to unique mechanical, electronic, and conducting properties that
are not encountered in bulk carbon nitride samples.[256] Using this material, we were able
to tenaciously anchor isolated Pd species into host cavities, designing the first stable singlesite heterogeneous catalyst for hydrogenations (herein indicated as [Pd]mpg-C3 N4 ). The
combination of characterization methods, catalytic tests in flow mode, and Density Functional
Theory (DFT) enabled a molecular-level understanding of the structure and reactivity of this
novel material.

8.2. Experimental
8.2.1. Catalyst Preparation
Mesoporous polymeric graphitic carbon nitride was prepared by thermally-induced selfcondensation of cyanamide using colloidal silica (Ludox HS40) as template. The resulting carbon
nitride (5 g) was dispersed in deionized water (500 cm3 ) and magnetically stirred in an ultrasonic
bath at room temperature for 1 h. Afterwards, an aqueous solution (23.6 cm3 ) of PdCl2 (0.01 M)
and NaCl (0.04 M) was added, and the resulting suspension was further stirred in the ultrasonic
bath at room temperature for 1 h. A freshly-prepared aqueous solution of NaBH4 (7 cm3 ,
0.5 M) was added to this slurry and stirred overnight. The prepared [Pd]mpg-C3 N4 catalyst was
separated by filtration, washed extensively with deionized water, and dried overnight at 323 K.
The commercially-available Pd-HHDMA/TiSi2 O6 (Nanoselect 200TM , Strem Chemicals, ref: 461711), Pd-Pb/CaCO3 (Alfa Aesar, ref: 043172), and Pd/Al2 O3 (Sigma-Aldrich, ref: 20570-2)
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were used as benchmark catalysts in the hydrogenation tests.
8.2.2. Catalyst Characterization
The palladium content in the solid was determined by inductively coupled plasma-optical
emission spectrometry (ICP-OES) using a Horiba Ultra 2 instrument equipped with
photomultiplier tube detection. The solids were dissolved in an aqueous solution containing
HCl (12 M, 3.75 cm3 ), HNO3 (14 M, 1.25 cm3 ), and HF (23 M, 0.1 cm3 ) and left overnight at
room temperature for complete mineralization. The dissolution of the material was corroborated
by the absence of visible solids in the solutions and by the excellent correspondence between
the nominal and measured contents of palladium. Nitrogen isotherms were measured at 77 K in
a Micrometrics ASAP 2020 analyzer, after evacuation of the solid at 393 K for 6 h. Aberrationcorrected scanning transmission electron microscopy (STEM) was undertaken on the Hitachi
HD2700CS microscope operated at 200 kV, after depositing the sample as dry powder on a
holey carbon-coated copper grid. Pulse CO chemisorption was performed at 308 K on a Thermo
TPDRO 1100 unit. The sample (0.05-0.1 g) was pretreated in He (20 cm3 min−1 ) at 393 K for
1 h and reduced in 5 vol.% H2 /He (20 cm3 min−1 ) at 348 K for 30 min. Afterwards, 0.344 cm3
of 1 vol.% CO/He was pulsed over the catalyst bed every 4 min. The palladium dispersion
was calculated from the amount of chemisorbed CO, considering an atomic surface density
of 1.26×1019 atoms m−2 and an adsorption stoichiometry of Pd/CO = 2. Fourier transform
infrared spectroscopy (FTIR) of CO was conducted at room temperature in a Bruker IFS
66 spectrometer (650-4000 cm−1 , 2 cm−1 optical resolution, co-addition of 32 scans). A selfsupported wafer of the dried solid (5 ton cm−1 , 0.03 g, 1 cm2 ) was evacuated for 4 h at 393 K
(residual pressure = 1×10−1 Pa), prior to CO adsorption. X-ray photoelectron spectroscopy
(XPS) was conducted in a Physical Electronics Instruments Quantum 2000 spectrometer using
monochromatic Al Kα radiation generated from an electron beam operated at 15 kV and 32.3 W.
The spectra were collected under ultra-high vacuum conditions (residual pressure = 5×10−7 Pa)
at a pass energy of 50 eV. All binding energy were referenced to the C 1s at 288.2 eV in order
to compensate for charging effects. Composition depth profiles were recorded by employing
alternating cycles of XPS analysis and sputtering with a focused 1 kV Ar+ ion beam over an area
of 4 mm2 . X-ray absorption spectroscopy (XAS) was carried out at the X10DA (Super XAS)
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beamline of the Swiss Light Source. The polychromatic beam from the 2.9 Tesla superbend
magnet was collimated using a Pt coated mirror, monochromatized using a Si(311) channel cut
monochromator, and focused to a spot size of 500×100 µm (H×V) using a Pt coated toroidal
bent mirror. Analyses were conducted on pressed pellets at the Pd K-edge in transmission mode,
using the two Ar-filled ionization chambers placed before and after the pellet, respectively. For
absolute energy calibration, a Pd foil was measured simultaneously between the second and
a third ionization chamber. All 15 cm long ionization chambers were filled with an Ar/N2
mixture. The resulting spectra were energy-calibrated, background-corrected, and normalized
at the height of the edge step using the Athena program from the iFeffit software suite. Fourier
transformations were performed from 3 to 12 Å−1 .
8.2.3. Catalyst Evaluation
The hydrogenation of 1-hexyne (Acros Organics, 98%), 2-methyl-3-butyn-2-ol (ABCRChemicals, 98%), 3-hexyne (TCI Deutschland, 97%), and nitrobenzene (Sigma-Aldrich, 99.5%)
were carried out in a continuous-flow flooded-bed micro-reactor (ThalesNano H-Cube ProTM ),
in which the liquid feed (containing 5 vol.% of the substrate and toluene (Fischer Chemicals,
99.95%) or tetrahydrofuran (Sigma-Aldrich, 99.9%) as solvents) and gaseous hydrogen
(generated in situ through electrolysis of Millipore water) flow concurrently upward through
a cylindrical cartridge (3.5 mm internal diameter) containing a fixed bed of the catalyst
(W cat = 0.1 g) and a silica diluent (0.12 g), both with a particle size of 0.2-0.4 mm. The
reactions were conducted at different temperature (T = 303-363 K), total pressure (P = 160 bar), flow rates of liquid (F L = 0.5-1 cm3 min−1 ) and H2 (F G = 24-48 cm3 min−1 ). The
products were collected employing a liquid handler (Gilson GX-271), after reaching steady
state (typically within 15 min), and analyzed offline using a gas chromatograph (HP-6890)
equipped with a HP-5 capillary column and a flame ionization detector. The conversion of the
substrate i (X (i)) was determined as the amount of reacted substrate divided by the amount of
substrate at the reactor inlet. The selectivity to product j (S (j)) was quantified as the amount
of the particular product divided by the amount of reacted substrate. The reaction rate (r) was
expressed as mole of product per mole of Pd and unit of time.
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Table 8.1. Characterization data of the catalysts.
Catalyst
[Pd]mpg-C3 N4
Pd-HHDMA/TiSi2 O6
Pd-Pb/CaCO3
Pd/Al2 O3

Pda
(wt.%)

V pore b
(cm3 g−1 )

S BET c
(m2 g−1 )

Dd
(%)

De
(%)

0.5
0.5
4.5
1.0

0.26
0.16
0.03
0.64

155
229
10
170

100
16
8
39

14
6
37

a

Metal content, inductively coupled plasma optical emission
spectrometry. b Volume of N2 adsorbed at p/p0 = 0.98. c Total surface
area, BET method. d Average metal particle size, scanning transmission
electron microscopy. e Metal dispersion, CO chemisorption.

8.3. Computational Details
The Vienna Ab-initio Simulation Package was employed to model the catalytic systems,
using the revised Perdew-Burke-Ernzerhof functional.[87] The C3 N4 and C6 N8 (melen, melon)
moieties were built in a graphitic form. Optimizations for the bulk of these materials and
the Pd intercalation structures were performed with the projector-augmented wave method
(9×9×6 k-points). Four-layered slabs of the (0001) surface were built with p(2×2) supercells.
The incorporation of Pd atoms and the adsorption of reactants and products were assessed
on one single side of the slab. Transition states were located by climbing-image version of the
nudged elastic band model and induced dipole moment. The vibrational analysis for all relevant
structures was performed numerically from the hessian matrix (displacements of 0.02 Å).

8.4. Results and Discussion
[Pd]mpg-C3 N4 contains 0.5 wt.% Pd (Table 8.1). This active phase is incorporated into the
mpg-C3 N4 carrier. The material has a total surface area of 155 m2 g−1 and a pore volume
of 0.26 cm3 g−1 . Microscopic examination (Figure 8.1a) reveals that palladium is atomically
distributed throughout the sample (metal dispersion = 100%). This is confirmed by the
analysis of the metal distribution, which displays an average particle size of around 0.3-0.4 nm,
corresponding to the van der Waals diameter of a single palladium atom. X-ray absorption
spectroscopy (Figure 8.2a) provides a strong evidence of the high dispersion of palladium in
[Pd]mpg-C3 N4 . No peaks at a distance higher than 2 Å can be detected, which indicates that
no Pd-Pd bonds are formed, in contrast to conventional nanoparticle-based catalysts.[56]
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Figure 8.1. Structure of the materials (left), aberration-corrected scanning transmission electron
microscopy images (middle), and particle size distribution (right) of [Pd]mpg-C3 N4 (a), PdHHDMA/TiSi2 O6 (b), Pd-Pb/CaCO3 (c), and Pd/Al2 O3 (d). The structures depict the increasing size
of the active ensemble, from a single Pd atom (a) to a bare Pd nanoparticle containing approximately
800 atoms (d). The inset in (a) shows a characteristic six-fold cavity in the carbon nitride structure,
which is crucial for confining palladium atoms in a stable manner. The two-dimensional Gaussian
function modeling of a selected region of [Pd]mpg-C3 N4 is shown in the inset of the micrograph (a)
to enable a better visualization (in red) of the single Pd atoms. Color codes: C (gray), H (white),
N (purple), O (red), P (light orange), Pb (light gray), Pd (blue).
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DFT on this carbon nitride material has been employed for the first time to analyze the
nature of the isolated Pd sites incorporate into mpg-C3 N4 , their stability, and reactivity. The
unique features of mpg-C3 N4 complicate the calculations since a large rumpling is expected
for this kind of two-dimensional materials. In the modeling, special attention has been paid to
structural landscapes including Pd adsorption at the ‘cages’, potential intercalation between the
graphitic layers, aggregation of Pd, and diffusion. The high complexity observed has prompted
us to present only the most remarkable results. DFT over a model surface representing mpgC3 N4 reveal that the presence of an atomic distribution of Pd can be attributed to the function
of the N species in the support, which electrostatically stabilize the Pd precursor. In fact, the
trapping of Pd in the 6-fold cavities is exothermic by 1.5 eV with respect to the gas-phase atomic
reference (Figure A.40). This strong interaction between the nitrogen atoms on the surface and
the metal, coupled with the large number of homogeneously-distributed anchoring centers,
leads to the stabilization of palladium atoms and appears to be fundamental for the design of
a stable single-site catalyst for hydrogenations. A different support having fully accessible sites
(such as alumina) would have produced rapid agglomeration of the metal (see also Figure 8.3).
Considering that the 6-fold cavities of mpg-C3 N4 are present all along the material with a
density of around 1/50 Å2 , it is possible that, during synthesis, part of the metal phase can
diffuse between the C3 N4 layers until a stable, final configuration is reached. This indicates
that palladium can also occupy subsurface and deeper positions in the form of an intercalation
compound (Figure A.41). However, in the resting state, Pd atoms placed in subsurface positions
are slightly more stable. Considering the specific surface area of mpg-C3 N4 , the surface density
of 6-fold cavities in a fully uniform layer, the total palladium loading, and assuming that all
palladium is at the surface, it is possible to obtain a relation between the number of single atoms
and anchoring positions. For 1 g of catalyst, this leads to a number of anchoring positions of
3.5×1020 on the surface and a number of Pd atoms of 2.8×1019 . Accordingly, ca. 8-10% of the
surface 6-N sites are occupied by palladium species, assuming that all Pd atoms are located
at the surface. This is only an estimate as Pd is distributed also deep in the graphitic layers
reducing the effective fractions of ‘surface cage’ occupation. From a thermodynamic point of
view, the aggregation of Pd atoms to form dimers, trimers, or larger clusters is not favored
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Figure 8.2. k 2 -weighted Fourier transform extended X-ray absorption fine structure spectra (a) and
Pd 3d core level X-ray photoelectron spectroscopy (b) of the catalysts. The circles in (b) represent
the experimental data, whereas the gray and violet lines show the fitted Pd0 and Pd2+ components,
respectively.

(Figure A.42). Besides, considering the low palladium content and large number of nesting
positions, entropic contributions dominate, clarifying the stability of the atomic sites. Only at
high Pd contents, the 6-fold cavities are saturated with atomic species and metal agglomeration
starts. This explains, for instance, the presence of nanoparticles of around 3 nm when 20-times
higher palladium loadings were employed and the same preparation recipe was followed.[255]
The structure of [Pd]mpg-C3 N4 can be compared with that of three benchmark
catalysts available commercially and widely utilized in industry: the ligand-modified PdHHDMA/TiSi2 O6 , the Lindlar-type Pd-Pb/CaCO3 , and Pd/Al2 O3 (Figure 8.1 and Table 8.1).
Although [Pd]mpg-C3 N4 has the same metal loading of Pd-HHDMA/TiSi2 O6 , the latter
material contains particles of around 8 nm average diameter deposited on titanium silicate
(S BET = 229 m2 g−1 ). Not all surface atoms in the HHDMA-modified nanoparticles take part
in the reaction: in fact, the ligand blocks ca. 75% of the metal surface, leading to ensemble of
approximately 0.8 nm. The reference Pd-Pb/CaCO3 catalyst contains a much higher palladium
content as well as lead (5 wt.% Pd, 3 wt.% Pb, surface Pd/Pb ratio = 1.3). The catalyst
exhibits a 10 m2 g−1 total area and a 0.03 cm3 g−1 pore volume. The Pd-Pb nanoparticles
are homogeneously distributed over CaCO3 and have an average diameter of 14 nm (metal
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dispersion = 6-8%). Similar to the role of HHDMA, Pb isolates the Pd sites, leading to ensembles
of ca. 1 nm. Finally, Pd/A2 O3 contains uniformly-sized bare palladium nanoparticles of about
3 nm average diameters. The particles are deposited on porous alumina (V pore = 0.64 cm3 g−1 )
with a total surface area of 170 m2 g−1 . In all these cases, XAS analyses detect only Pd-O
(1.8-2.0 Å) and Pd-Pd (2.5-2.7 Å) bonds (Figure 8.2a).
To confirm the various degrees of metal dispersion in the four samples, CO chemisorption
studies were conducted. During pulse chemisorption, [Pd]mpg-C3 N4 showed no adsorption
of the probe molecule, whereas the other reference materials resulted in a quantifiable CO
uptake, in accordance with the degrees of dispersion determined by microscopy (Table 8.1). The
absence of CO uptake over [Pd]mpg-C3 N4 was confirmed by transmission infrared spectroscopy
(Figure A.43). This result indicates that atomic Pd behaves differently than that in a
conventional nanoparticle, in line with the recent work by Schlögl and co-workers.[257] As the Pd
atoms lay below the plane formed by the 6-fold cavities, the cage is enriched in electron density
and this prevents carbon monoxide from getting close to the palladium atoms. This shield is very
effective and CO cannot adsorb (the DFT-calculated adsorption energy is largely endothermic,
by 0.86 eV). Further insights into the materials structure were obtained by X-ray photoelectron
spectroscopy (Figure 8.2b). A single Pd 3d 5/2 binding energy at 335.5 eV corresponding to
Pd0 is observed over Pd-HHDMA/TiSi2 O6 and Pd/Al2 O3 . The signal is broader in the case
of Pd-Pb/CaCO3 , due to the presence of Pd2+ -Pb species. Contrarily, the XPS signal was not
very intense over [Pd]mpg-C3 N4 , likely because the detection of isolated and low-concentrated
Pd species is below the detection limit of the instrument. Sputtering with an Ar+ beam was
conducted to stepwise remove surface layers, gaining access to the bulk composition of the
material. In this case, an increase of the content of palladium with depth could be observed
(Figure A.44), from a Pd content of 0.15 at.% in the surface to 0.5 at.% in the bulk. This verifies
that part of the palladium phase is homogeneously incorporated between the graphitic layers
of the support, in agreement with DFT. Furthermore, during sputtering, the Pd 3d 5/2 peak is
slightly shifted to higher binding energies (336.4 eV). This can be due to quantum effects that
appear for particles smaller than 2 nm, although a Pd2+ contribution cannot be excluded.
To illustrate the benefits of single site catalysis, the [Pd]mpg-C3 N4 catalyst has been
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Figure 8.3. Reaction rates in 103 mol 1-hexene mol Pd−1 h−1 (a, left), selectivity to 1-hexene in %
(a, right), and stability at 343 K and 5 bar (b) during the hydrogenation of 1-hexyne over [Pd]mpgC3 N4 . The contour maps in (a) were obtained through spline interpolation of the experimental points
shown as black dots. Representation showing isolated Pd species on carbon nitride (top) and alumina
(bottom) (c). Whereas the atoms on the alumina support are unstable and tend to aggregate, forming
a Pd cluster, this does not occur with mpg-C3 N4 . Energy profile for the hydrogenation of ethyne over
a single Pd atom (d). Color codes: Al (green), C (gray), H (white), N (purple), O (red), Pd (blue).

assessed in the hydrogenation of 1-hexyne (Figure 8.3a), a reference compound that well
represents typical alkynes employed for the manufacture of high-added value compounds in
the fine chemical and pharmaceutical industries. The rate of reaction at 303 K and 1 bar
is three orders of magnitude higher than that of other catalytic systems (based on Ag, Au,
CeO2 ).[13,163] This demonstrates that the single-site catalyst can be applied in the manufacture
of fine chemicals and pharmaceuticals. Besides, below 363 K and 2 bar, the selectivity to
1-hexene is nearly 100%, pointing to the resistance of the material in forming β-hydrides.
These results can be appreciated when compared to the performance of benchmark Pd-based
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hydrogenation catalysts (see also Figure 8.3). For the hydrogenation of 1-hexyne, at 343 K
and 5 bar, [Pd]mpg-C3 N4 and Pd-HHDMA/TiSi2 O6 display a similar activity (1.41×103 and
1.38×103 mol 1-hexene mol Pd−1 h−1 , respectively) and high olefin selectivity (90%). Contrarily,
the Lindlar catalyst shows an excellent degree of selectivity to the terminal alkene (90%), but
much lower activity (0.34×103 mol 1-hexene mol Pd−1 h−1 ) due to the presence of high Pd
content (5 wt.%) and Pb to poison the active sites. The non-promoted Pd/Al2 O3 catalyst is
active (0.96×103 mol 1-hexene mol Pd−1 h−1 ) but poorly selective to the corresponding olefin
(69%), yielding isomers and the alkane as by-products. The resistance of [Pd]mpg-C3 N4 towards
metal loss or aggregation (typical causes of deactivation of single-site catalysts) was assessed
in a catalytic run at 343 K and 5 bar for 20 h (Figure 8.3b). No decrease in alkyne conversion
and alkene selectivity could be observed, pointing to the absence of any metal aggregations
(Figure 8.3c). This catalytic performance was verified for the hydrogenation of 2-methyl-3butyn-2-ol to 2-methyl-3-buten-2-ol and 3-hexyne to cis-3-hexene, pointing to the chemo and
stereoselectivity of the catalyst in alkyne hydrogenation (cis:trans > 20), and finally applied to
the hydrogenation of nitrobenzene to aniline (Figure A.46).
To rationalize the outstanding hydrogenation performance of [Pd]mpg-C3 N4 , we have
conducted DFT calculations, using ethyne as a surrogate alkyne (Figure 8.3d). The reasons for
the choice of a smaller alkyne are the following: (i) several reaction paths were investigated, with
and without considering the promoting role of the support, complicating the calculations; (ii)
the large rumpling of carbon nitride together with the conformation of larger alkynes difficult
the proper location of the transition states; most importantly, (iii) the adsorption energy of
ethyne and 1-hexyne was found to be within few meV. Hence, the results for ethyne could be
easily transferred to more complex compounds. The hydrogenation closely follows the path of
homogeneous systems[258] and takes place on the isolated Pd species in the 6-fold nests. On the
isolated Pd sites, the hydrogenation occurs by coordination of molecular hydrogen by –0.30 eV
(B), which undergoes heterolytic dissociation (C), leaving one of the hydrogens bound to an N
atom in the lattice and the second one on the Pd atom. Thus, there is an active participation
of the support that acts in the way ligands do in homogeneous catalysis. The N atom becomes
positively polarized and the aromaticity of the heptazine core is partially lost. As a consequence,
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the Pd atom is in part extracted outwards of the cavity. This step is almost barrierless with
respect to the gas-phase molecule once the zero-point energy is considered and exothermic by
–1.34 eV with respect to the gas-phase reactants. The acetylenic compound can be adsorbed
in a highly activated form (H-C-C angle = 153◦ ), and this step releases 0.5 eV (D). The H
atom is transferred to the organic moiety, leading to C2 H3 (E) and to C2 H4 (F). The energy
barrier of this last step is 0.5 eV. Afterwards, the alkene desorbs (G). Thus, the coordination
of the product without activation,[60] preventing over-hydrogenation and oligomerization, and
the absence of neutral charges of the palladium center found though the Bader analysis[259] are
key for the high selectivity of [Pd]mpg-C3 N4 .

8.5. Conclusions
We have demonstrated that isolated Pd atoms can be confined into the 6-fold cavities of
mpg-C3 N4 in a stable manner, enabling the design of a single-site Pd catalyst for the flow
hydrogenation of alkynes and nitroarenes. The material surpasses the activity of conventional
heterogeneous catalysts based on nanoparticles, while maintaining an outstanding product
selectivity and circumventing typical instabilities that occur with the minimization of the
ensemble size. The performance was rationalized at a molecular level by DFT, showing that
the high activity and selectivity is due to the facile hydrogen activation and alkyne adsorption
on the atomically-dispersed Pd sites. The support simulates enzymatic environments, such
as those in porphyrins, and acts simultaneously as a spacer, distributing the active sites
almost homogeneously, and as a ligand, inhibiting the adsorption of potential poisons (CO)
and promoting the activation of H2 . We believe that this proof-of-concept study based on the
[Pd]mpg-C3 N4 catalyst can be extrapolated for the design of new heterogeneous single-site
catalysts for a variety of reactions, including continuous hydrogenations, oxidations, and C-C
couplings.

Chapter 9
Conclusions and Outlook
The hydrogenation of alkynes and nitroarenes are of key importance for the manufacture of bulk
and fine chemicals. These reactions are currently dominated by the use of catalysts consisting
of Pd and Pt nanoparticles containing high metal loadings and toxic elements. This thesis
originates from the practical need to replace these materials. Based on the knowledge gained,
general strategies for the design of selective hydrogenation catalysts can be extracted.

9.1.

Precision Synthesis of Nanomaterials

On the preparation side, particular emphasis has been placed on the synthesis of nanocatalysts
with well-defined active site geometry and environment. For materials suffering from reduced H2
splitting ability, improvements require: (i) the structuring of nanoparticles with specific surface
defects; (ii) the optimization of the morphology of the nanocrystals; (iii) the incorporation
of minute amounts of metal dopants. Contrarily, materials displaying high hydrogenation
activity can be tempered by: (i) using ligands to constrain the active sites, modify the surface
potential, and control the reactant adsorption geometry; (ii) anchoring the metal atoms in a
carrier containing ‘nanocages’ or ‘nanocavities’, ultimately designing single-site heterogeneous
catalysts.
This precise synthesis of nanostructured hydrogenation catalysts has enabled in many
cases a better understanding of structure-performance relationships. For example, the maximal
propyne hydrogenation activity over Ag-based catalysts with an average metal diameter of
approximately 4.5 nm indicated the occurrence of a previously-unreported reaction mechanism
featuring the activation of hydrogen on the adsorbed hydrocarbon at B5 sites. Similarly, the
higher reactivity of CeO2 nanoctahedra in C2 H2 hydrogenation with respect to the nanocubes
has been attributed to the chemistry of the exposed facet. Nanoctahedra particles, in fact,
preferentially expose (111) facets, which are less prone to release oxygen atoms, active sites
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in the reaction. Finally, the outstanding performance of the Pd-based single-site catalyst has
demonstrated that the strategies of metal poisoning can be brought to atomic scale, by isolating
the active atoms in an appropriate porous support.

9.2.

Importance of Theory

A tight synergy between experiment and theory has always been (and is still) one of the major
strength in hydrogenation research. In several cases, theory has been fundamental to rationalize
the nature of the active site, its local environment, and possible access constraints. For HHDMAmodified Pd-based catalysts, DFT calculations have been applied to attain an atomistic
understanding of the structure of the ligand and of its interaction with the metal phase. Classical
MD simulations performed in a large simulation supercell have further demonstrated the mobile
nature of the aliphatic chains of the ligand, which open pores that are dynamically closed in a
nanosecond time frame. Similarly, for the Pd-based single-site catalyst, DFT calculations have
shown the nature of the stabilization of the Pd atoms, tenaciously entrapped by the nitrogen
atoms of the C3 N4 support, is due to the lone pair of electrons that each nitrogen has.
The mechanism of hydrogenation reactions over newly-discovered catalysts are often
unclear. Thus, it is not surprising that debates exist on fundamental questions. Unraveling
the intricate details of steps determining the catalytic process remains crucial for designing
even better materials. In this respect, DFT calculations have been applied throughout this
thesis to assess new kinetics and validate century-old reaction mechanisms.

9.3. Process Considerations
The use of a flow chemistry reactor has offered a variety of advantages, including better mass and
heat transfer, safe operation, small reaction volume, steady-state operation, and the possibility
to intensify the production by applying scaling-down principles. This has enabled accelerated
catalyst testing and quantitative kinetic studies of three-phase reactions in continuous mode.
Because of the short contact time achievable in a flow chemistry reactor, less conventional
active phases such as Ag, Au, and CeO2 appear to be more suited for bulk chemical applications,
since the reactive substrates (e.g., short alkynes, nitrobenzene, etc.) are thermally stable
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and higher temperatures can be applied. Liquid-phase hydrogenations of highly-functionalized
reactants (e.g., vitamin precursors, pharmaceutical ingredients, etc.), on the other hand,
should be performed under mild conditions because these compounds can decompose at higher
temperatures. Thus, active metals such as Pd and Pt with appropriate modifiers or isolates site
configurations are recommended.

9.4. Outlook
Prior to the commencement of this thesis, hybrid nanocatalysts were typically prepared by
liquid-phase reduction-deposition methods. In particular, the metal precursor was reduced in
the presence of an organic ligand to form colloidal nanoparticles, that are subsequently deposited
on a suitable support. Under the appropriate conditions, it was possible to obtain metal
crystallites of variable particle size and shape. As detailed in the introduction, these synthetic
methods had crucial disadvantages (i.e., the need for low-boiling point organic solvents, the fast
addition of expensive or toxic reductants) that have long hampered the industrial exploitation
of the resulting nanomaterials. The identification of HHDMA as a ligand has overcome these
limitations since this compound combines both reducing and stabilizing functionalities in a
single, water-soluble molecule. To date, only supported Pd-HHDMA, Pt-HHDMA, and PdPt-HHDMA nanoparticles have been successfully prepared. Extending this method to other
hydrogenation metals (e.g., Ag, Au, Ir, Ni, Rh, and Ru) is one of the outlook of this PhD
thesis.
The design of single-site catalysts represents perhaps the ultimate and most-advanced
strategy for hydrogenations. In fact, single-site catalysts are atom-efficient since only the
minimum number of atoms is used to catalyze a reaction. Besides, as recently stated by Prof.
Dr. John Meurig Thomas, these materials ‘are particularly notable because thermally-stable
single-atom preparations can be readily made, provided that care is taken to incorporate only
small amounts of the atoms on the nanoporous support’.[260] To date, the incorporation of a
metal in an appropriate porous carrier such as carbon nitrides is performed post-synthetically,
by impregnation of minute amount of a metal salt, followed by metal reduction and/or drying.
This synthetic methodology, however, could lead to an undesirable formation of clusters during
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synthesis. An alternative approach to introduce the metals into the carrier network potentially
comprises the addition of a metal salt during the synthesis of the support. Such methods
could provide a more homogeneous metal distribution, but have not been demonstrated yet.
Developing these methods and extending the techniques to the preparation of a wide range of
single-site heterogeneous catalysts for hydrogenations (e.g., based on Ag, Au, Ir, Ni, Rh, and
Ru) remain two of the most urgent scopes.
Improvements at the reactor level can also have a major impact on the product yields
in hydrogenation catalysis. Specifically, a reactor can be designed to have regular spatial
structures instead of the random and more chaotic patterns of packed and trickle-bed reactors.
These ‘structured reactors’ permit almost total control over all relevant length scales for
mass transfer and catalysis. Future research directions will investigate the use of structuredreactors containing ligand-modified nanoparticles and atomically-dispersed metal sites. The
use of microwave radiation is also expected to be beneficial since the rate of acceleration of
hydrogenation reactions by microwaves cannot be achieved with conventional heating. This
method could even enable the use of less conventional active phases (namely, Ag, Au, CeO2 )
for fine chemical and pharmaceutical applications.
From a theoretical perspective, rationalizing solvation phenomena in liquid-phase
hydrogenations will also be crucial. The theoretical treatment of solvation effects in liquidphase hydrogenations is currently complicated by the difficulty in accounting for many aspects,
such as long-range solvent-screened electrostatic interactions, the large variation of dielectric
permittivity of the solvent, dielectric saturation, electrostriction, and ion association. These
phenomena can dominate the adsorption chemistry of reactants and products.
The above-mentioned studies are currently undertaken as separate research topics for two
theses in the research group of Prof. Dr. Javier Pérez-Ramírez, at the Institute for Chemical
and Bioengineering, ETH Zurich.
It is expected that the next decade will foresee a development in new research areas. Many
biomass-related reactions are hydrogenations and, in most cases, high-loading Ru catalysts with
undefined nanostructures are applied. Future activities will require the design of new, active,
and selective catalysts with tailored structure and surface composition. The use of single-site
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catalysts for biomass-related hydrogenations has not been demonstrated to date, but could be
one of the major breakthroughs in this field.
Although these new reactions could attract growing interest in the years to come,
pharmaceutical and fine chemical applications will remain the main scope of application
of hydrogenation research, considering the large (and continuously increasing) number of
high-added-value compounds with biological or nutritional functions. Overall, the future of
hydrogenation catalysis looks bright. A multitude of new catalysts can be designed and
evaluated using the research strategies presented in this thesis. The dream of a green,
sustainable, and intensified hydrogenation chemistry with no byproducts and minimal energetic
impact has never been so close to reality.
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Table A.1. Energy of reaction (∆E) and
energy barrier (E a ) for the hydrogenation
of propyne on Ag(211) according to the
dissociative and associative mechanisms. The
energy profiles are plotted in Figure 2.5.
∆E
(eV)

Ea
(eV)

Dissociative
(D1) C3 H4 + ∗  C3 H4 ∗
(D2) H2 + ∗  2H∗
(D3) C3 H4 ∗ +H∗  C3 H5 ∗ + ∗
(D4) C3 H5 ∗ +H∗  C3 H6 ∗ + ∗
(D5) C3 H6 ∗  C3 H6 + ∗
(D6) C3 H6 ∗ +H∗  C3 H7 ∗ + ∗

–0.17
0.53
0.44
–2.82
0.14
–0.19

1.33
0.88
0.37
1.01

Associative
(A1) C3 H4 + ∗  C3 H4 ∗
(A2) H2 + C3 H4 ∗  C3 H4 :H2 ∗
(A3) C3 H4 :H2 ∗  C3 H5 ∗ + ∗
(A4) C3 H5 ∗ +H∗  C3 H6 ∗ + ∗
(A5) C3 H6 ∗  C3 H6 + ∗
(A6) H2 + C3 H6 ∗  C3 H6 :H2 ∗
(A7) C3 H6 :H2 ∗  C3 H7 ∗ + ∗

–0.17
0.14
–0.43
–1.36
0.00
–0.04
0.98

1.03
0.36
1.53

Step

Reaction
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Table

A.2.

Characteristic

values

of

the

stable

Ag nanoparticles calculated according to the Wulff
construction. The table includes the average diameter
(d Ag ) of the nanoparticle determined for the studied
catalysts, the number of atoms in B5 (N B5 ), step (N step ),
and surface (N surface ) positions, the atoms of the whole
nanoparticle (N total ), and the density of B5 site.
d Ag
(nm)

N B5
(-)

N step
(-)

N surface
(-)

N total
(-)

Density of B5 sites
(µmol B5 g Ag−1 )

3.0
3.5
3.9
4.3
4.7
5.2
7.2
7.7
8.2

24
48
48
72
96
240
288
336

180
228
336
348
396
804
876
996

284
402
662
764
954
1692
1970
2370

887
1409
2875
3319
4489
11313
13907
17765

251
315
235a
155
201
198
197
191
175

a

Average value of the structures with a Ag diamater of 3.5 and
4.3 nm.

Table A.3. Kinetic coefficients for the direct (ki ) and inverse
(k−i ) reaction and adsorption constant (Ki ) of the dissociative and
associative mechanisms evaluated at 473 K and 1 bar.
ki
(s−1 )

k−i
(s−1 )

Ki
(-)

Dissociative
(D1) C3 H4 + ∗  C3 H4 ∗
(D2) H2 + ∗  2H∗
(D3) C3 H4 ∗ +H∗  C3 H5 ∗ + ∗

1.9×104
5.8×10−10
4.2×103

1.5×1011
3.0×104
2.1×108

1.2×10−7
1.9×10−14
2.1×10−5

Associative
(A1) C3 H4 + ∗  C3 H4 ∗
(A2) H2 + C3 H4 ∗  C3 H4 :H2 ∗
(A3) C3 H4 :H2 ∗  C3 H5 ∗ + ∗

1.9×104
2.8×103
1.1×102

1.5×1011
1.0×1013
2.8×10−3

1.2×10−7
2.7×10−10
3.8×104

Step

Reaction
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Figure A.1. Transmission electron micrographs of 1 wt.% Ag/SiO2 prepared by spray deposition and
(a) activated in H2 flow at 473 K for 0.5 h, (b) calcination in static air at 573 K for 2 h, before and
after propyne hydrogenation at T = 473 K, H2 :C3 H4 = 25, τ = 1 s, and P = 1 bar. The silver particle
size and dispersion were not altered by the reaction.

Figure A.2. Selectivity to propene (red circles) and oligomers (blue diamonds) as a function of the
conversion of propyne over 1 wt.% Ag/SiO2 prepared by spray deposition and activated in H2 flow at
473 K for 0.5 h. Reaction conditions: T = 473 K, H2 :C3 H4 = 25, τ = 0.12-1 s, and P = 1 bar. The
conversion of propyne increases on increasing the contact time in the catalyst bed. Consequently, the
selectivity to propene slightly decreases coupled with an increased selectivity to oligomers. This result
indicates that olefins partake in the oligomerization pathway.
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Figure A.3. Wulff construction for Ag obtained using Density Functional Theory surface energies (a).
The faces appearing in the construction are (100) (gray), (110) (blue), (111) (red), and (211) (green).
Calculated Ag nanoparticles with diameters of 3.0 (b) and 4.3 nm (c). The colors denote atoms with
coordination number of 5 (red), 6 (light gray), 7 (orange), and 9 (dark gray). B5-type atoms are shown
in green.

Figure A.4. Density of B5 sites as a function of the average Ag particle size of selected catalysts.
From left to right: 1 wt.% Ag/Al2 O3 , 1 wt.% Ag/TiO2 , and 1 wt.% Ag/SiO2 prepared by spray
deposition and activated in H2 flow at 473 K for 0.5 h, 1 wt.% Ag/SiO2 prepared by dry impregnation
and activated in H2 flow at 473 K for 0.5 h, and 1 wt.% Ag/SiO2 prepared by spray deposition and
calcined in static air at 573 K for 2 h.
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Figure A.5. High-resolution transmission electron micrographs of the ceria samples after C2 H2
hydrogenation. The insets represent the selected-area diffraction pattern of each catalyst.

Figure A.6. CO conversion versus temperature during temperature-programmed reactions (heating
rate = 10 K min−1 ) over the fresh (a) and aged (b) ceria catalysts. Conditions: W cat = 30 mg,
O2 :CO = 2.5 (CO concentration = 2 vol.%, He as balance gas), F = 50 cm3 min−1 , P = 1 bar.
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Figure A.7. Relative energies for different locations of Ce3+ ions on the CeO2 (111) surface upon
adsorption of six selected reaction intermediates: (C2 H,H,H)∗ , (α-C2 H2 ,H)∗ , (C2 H3 ,H)∗ , C2 H4 ∗ ,
(C2 H4 ,H)∗ , and (C2 H5 ,H)∗ . The zero level (dashed line) corresponds to the most stable Ce3+
configuration for each case; therefore, positive energies denote less stable configurations. The labels
attached to the points in the graph stand for the position of the Ce3+ ions according to the top view
structures (only the top three atomic layers are displayed) of each reaction intermediate. Color codes:
surface O (red), subsurface O (light red), Ce (pale yellow), C (black), and H (white).
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Figure A.8. Top and side views of the lowest energy optimized structures of reaction intermediates
for the hydrogenation of C2 H2 to C2 H4 on a (3×3) CeO2 (111) surface. Color codes: surface O (red),
subsurface O (light red), Ce4+ (pale yellow), Ce4+ (light blue), C (black), and H (white).
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Figure A.9. Top and side views of the transition structures of each elementary step for the
hydrogenation of C2 H2 to C2 H4 on a (3×3) CeO2 (111) surface. Color codes as indicated in Figure A.8.
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Figure A.10. Top and side views of the lowest energy optimized structures of reaction intermediates
for the hydrogenation of C2 H4 ∗ to C2 H6 on a (3×3) CeO2 (111) surface. Color codes as indicated in
Figure A.8.

Figure A.11. Top and side views of the transition structures of each considered reaction step for the
hydrogenation of C2 H2 to C2 H4 on a (3×3) CeO2 (111) surface. Color codes as indicated in Figure A.8.
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Figure A.12. Top and side views of the lowest energy optimized structures corresponding to the
reaction (R18). Color codes as indicated in Figure A.8.
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Table

A.4.

parameters

for

Geometrical
the

bulk

(cell)

structures

of CeO2 and Ga2 O3 .
a
(Å)

b
(Å)

c
(Å)

CeO2
Experimental
PBE/O
PBE/O(s)
PBE+U/O
PBE+U/O(s)

5.410
5.462
5.460
5.488
5.486

5.410
5.462
5.460
5.488
5.486

5.410
5.462
5.460
5.488
5.486

γ-Ga2 O3
Experimental
PBE/O
PBE/O(s)
PBE/Ga(d)/O
PBE/Ga(d)/O(s)

12.230
12.479
12.478
12.428
12.398

3.040
3.102
3.100
3.082
3.082

5.800
5.917
5.920
5.876
5.879
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Figure A.13. Top view and, as an inset, side view of the adsorption modes of dissociated H species on
CeGaOx . The adsorption energy, in eV, with respect to the slab and gas-phase H2 is reported between
brackets. Color codes: Ce (light grey), O (red), Ga (orange), and H (yellow).
As shown in the figure, the ‘GaH/OH mode A’ is a favorable configuration (adsorption energy of
−0.68 eV), implying the formation of GaH species. The ‘GaH/OH mode B’ is favored by −0.21 eV, as
it involves the breakage of the symmetry around the Ga center. The ‘GaH/OH mode C’ is energetically
not favored. Finally, the most stable system is that forming two CeOH groups (‘OH/OH mode’),
characterized by an adsorption energy of −2.47 eV. This is consistent with the case of pure ceria.
Particularly, the GaH/OH mode is singlet and the OH/OH mode is triplet (comprising the reduction
of two Ce4+ sites to Ce3+ ). Regarding CeO2 slabs, the formation of CeH/OH pairs is not favored
energetically (+0.55 eV with respect to the energy reference). On the other hand, the formation of two
hydroxyl groups accompanied by a reduction of two Ce4+ sites to Ce3+ is much more stable (−2.29 eV).
The CeH/OH intermediate has been recently described in theoretical studies,[148,154] showing that this
intermediate leads to a small decrease in the activation barrier compared to a direct dissociation to
OH/OH. López et al., in particular, report an energy barrier of 1.21 eV for the OH/OH direct path,
and 1.08 eV for the indirect path through the CeH/OH pair (stabilization of this intermediate is
+0.75 eV). In conclusion, the formation of two OH/OH groups accompanied by the reduction of
cerium sites is thermodynamically the most stable configuration. However, the activation barrier to
reach this intermediate is higher than that for the intermediate GaH/OH.
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Figure A.14. Gibbs free energy versus oxygen chemical potential of pure and gallium-promoted ceria
slabs with different amount of oxygen vacancies (1-5). Taking an arbitrary oxygen chemical potential
value of −2.25 eV, the CeO2 slab would exhibit 0 or 1 vacancies whereas the CeGa slab would exhibit
2 or 3 vacancies.
The data points were calculated by using the following expressions:
slab = [slab - N oxygenvacancy ] + N oxygenvacancy
∆γ = E[slab - N oxygenvacancy ] + γ 0
where E[slab] is the calculated total energy of the stoichiometric slab, E[slab – N oxygenvacancy ] is the
total energy of the slab reduced by the presence of N oxygen vacancies, and γ 0 is the chemical potential
of oxygen atoms. Entropic effects are neglected. For a given external γ 0 , the most stable slab is the
lowest in energy.
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Figure A.15. Evolution of the concentration of the Ce3+ and Ga3+ -H species over Ce90 Ga10 Ox (a)
and Ce80 Ga20 Ox (b), monitored by in situ diffuse reflectance infrared Fourier transform spectroscopy
under flowing H2 at different temperatures.

Figure A.16. Arrhenius plots of the semi-hydrogenation of acetylene over CeO2 and Ce95 Ga5 Ox .
Reaction conditions: T = 323-423 K, H2 :C2 H2 = 30, τ = 0.3 s, and P = 1 bar.
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Figure A.17. Influence of the method of preparation of Ce95 Ga5 Ox on the turnover frequency in
acetylene hydrogenation (a) and X-ray diffraction patterns of the catalysts (b). Conditions: T = 423 K,
H2 :C2 H2 = 30, τ = 0.3 s, and P = 1 bar.

Figure A.18. Energy profile for the partial hydrogenation of acetylene to ethylene on CeO2 (111)
(red) and on stoichiometric (blue) and reduced (green) CeGaOx slab. The data for pure ceria are
taken from the literature.[147] The reduced CeGaOx surface comprises three oxygen vacancies.
We have assumed that the transition structures over promoted ceria resemble those reported in
Chapter 3. The energy profile shows that the activation of H2 (A-C) over pure CeO2 generates two
surface hydroxyl species; this step is exothermic (–2.2 eV) and is hindered by an energy barrier of 1 eV.
On the other hand, the splitting of H2 over CeGaOx producing surface GaH and OH species is less
exothermic (–0.60 eV) and has a barrier of only 0.20 eV. The adsorption of molecular acetylene (Cbis )
and the formation of the C2 H2 radical (D) is almost athermic on pure and Ga-promoted ceria. The
subsequent first H addition to give C2 H3 (E) is exothermic by 1.6 eV on CeO2 and 3 eV on CeGaOx .
The second H addition yielding C2 H4 is endothermic of 1.8 eV on both surfaces. Therefore, the splitting
of the H-H bond seems to be the only step in the mechanism being affected by the presence of gallium.
These results are confirmed when considering a reduced Ga-promoted ceria surface containing three
oxygen vacancies. In fact, it can be observed from the Figure that the reduced slab presents the
intermediate species close in energy to the stoichiometric slab, indicating no significant effect on the
transition states.
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Figure A.19. Ag 3d (top) and Au 4f (bottom) core level X-ray photoelectron spectroscopy of catalysts
A (a), D (b), E (c), F (d), G (e), and K (f) in Table 5.1.

Figure A.20. Hydrogenation of 1-hexyne as a function of the liquid (a) and hydrogen flow rate
(b), and feed concentration inlet 1-hexyne (c) over catalysts A and G in Table 5.1. The reactions
were conducted at T = 373 K, P = 20 bar, F G = 60 cm3 min−1 , and 1 vol.% 1-hexyne when
assessing the influence of the liquid flow rate on the catalytic performance, F L = 0.3 cm3 min−1 and
1 vol.% 1-hexyne when studying the influence of the hydrogen flow rate, and F L = 0.3 cm3 min−1 and
F G = 60 cm3 min−1 when assessing the influence of the feed concentration of inlet 1-hexyne.
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Figure A.21. Hydrogenation of 1-hexyne as a function of temperature (a) and pressure (b) over
the home-made Au/TiO2 prepared by sol immobilisation and activated in N2 flow at 623 K for 3 h
(catalyst G in Table 1), and a commercial Au/TiO2 sample (Strem Chemicals, ref: 79-0165). The
reactions were conducted at F L = 0.3 cm3 min−1 and F G = 60 cm3 min−1 ; in particular, the influence
of temperature was studied at P = 20 bar, and the influence of pressure at T = 373 K.
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Figure A.22. Scanning electron microscopy (left), high-angle annular dark-field scanning transmission
electron microscopy (middle), and respective palladium particle size distribution of Pd/Al2 O3 (a) and
Pd-Pb/CaCO3 (b). The 20 nm scale bar applies to all micrographs.

Figure A.23. Nitrogen isotherms at 77 K of the palladium-based catalysts.
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Figure A.24. Pd 3d core level X-ray photoelectron spectroscopy of the Pd-HHDMA catalysts.
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Figure A.25. Lateral and top view of the DFT-optimized adsorption configuration of HHDMA on
the ligand-modified Pd(111) surface in the presence of H2 PO4 − (a) and HPO4 2− (b) ions. The blue
spheres represent Pd sites, and the ball and stick models represent the adsorbed HHDMA species.
Color codes: P (pink), O (red), N (dark blue), C (grey), and H (white).
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Figure A.26. Snapshots of the classical Molecular Dynamics simulation illustrating the dynamic
behavior of the HHDMA layer adsorbed on Pd(111) at 0 (a), 0.1 (b), 0.5 (c), and 1 ns (d). The color
codes are indicated in the caption of Figure A.25.
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Figure A.27. Contour plots of the hydrogenation of 1-hexyne over Pd-HHDMA/C (a)
and Pd-HHDMA/TiSi2 O6 (b) at different temperatures and pressures. Reaction conditions:
F G = 18 cm3 min−1 , F L = 0.3 cm3 min−1 .

Figure A.28. Adsorption energies of ethyne, ethene, formaldehyde, and methanol on Pd(111)-Pb,
Pd(111)-Zn, and Pd(111)-Ga surfaces.
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Figure A.29. Electron density of different alkynes with an isocontour ρ = 0.0015 a.u. (electrons
bohr−3 ). The diameter of each species before (approximate length) and after adsorbed (adsorption
length) are indicated by the red arrows. The alkynes included in the top half of the figure are selectively
hydrogenated over the NanoSelectTM catalysts, while the alkynes in the bottom half are not.
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Figure A.30. Amount of HHDMA removed (quantified by thermogravimetric analysis) as a function
of the UV-ozone treatment time (a). Conversion (solid symbols) and selectivity (open symbols)
evidenced over the UV-ozone-treated catalysts in the hydrogenation of 1-hexyne, 1,1-diphenyl-2propyn-1-ol, and 9-hexadecyn-1-ol, as a function of the amount of HHDMA removed (b).
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Table

A.5.

Geometrical

(cell)

parameters (in Å) of HHDMA-H2 PO4
and HHDMA-Cl.
HHDMA-H2 PO4 −

HHDMA-Cl−

6.010
8.476
28.126

5.830
7.300
27.219

a
b
c

Table A.6. Interatomic distance (in Å)
of the energetically-preferred configuration of
HHDMA-H2 PO4 and HHDMA-Cl from the Pt
surface.

N-Pt
OOH -Pt
HOH -Pt
OH2 PO4 -Pt
Cl− -Pt

HHDMA-H2 PO4 −

HHDMA-Cl−

7.69
4.96
3.91
2.43
-

5.92
3.41
2.45
2.44
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Figure A.31. Side view of the DFT-optimized adsorption configuration of HHDMA on Pt(111) (a)
and Pt(311) (b), and interaction of HHDMA with residual Cl species on the surface of Pt (c). Color
codes: H (white), C (gray), N (purple), O (red), P (orange), Cl (green), and Pt (blue).

Table A.7. Reaction energy (∆E), activation energy (E a ), and imaginary
frequency (ν i ) of the elementary steps involved in the hydrogenation of
ClC6 H4 NO2 on Pt3 Pb(111).
Step

Reaction

∆E
(eV)

Ea
(eV)

νi
(cm−1 )

(R1)
(R2)
(R3)
(R4)
(R4’)
(R5)
(R5’)
(R6)
(R6’)
(R6”)
(R7)
(R7’)
(R8)
(R9)
(R10)

ClC6 H4 NO2 + ∗  ClC6 H4 NO2 ∗
H2 + 2∗  2H∗
ClC6 H4 NO2 ∗ +H∗  ClC6 H4 NOOH∗ + ∗
ClC6 H4 NOOH∗ +H∗  ClC6 H4 NO∗ +H2 O∗
ClC6 H4 NOOH∗ +H∗  ClC6 H4 NOHOH∗ + ∗
ClC6 H4 NO∗ +H∗  ClC6 H4 NOH∗ + ∗
ClC6 H4 NO∗ +H∗  ClC6 H4 NHO∗ + ∗
ClC6 H4 NOH∗ +H∗  ClC6 H4 NHOH∗ + ∗
ClC6 H4 NNOH∗ +H∗  ClC6 H4 N∗ +H2 O∗
ClC6 H4 NHO∗ +H∗  ClC6 H4 NHOH∗ + ∗
ClC6 H4 NHOH∗ +H∗  ClC6 H4 NH2 ∗ +OH∗
ClC6 H4 NHOH∗ +H∗  ClC6 H4 NH∗ +H2 O∗
OH∗ +H∗  H2 O∗ + ∗
ClC6 H4 NH2 ∗  ClC6 H4 NH2 + ∗
H2 O∗  H2 O + ∗

–0.33
–0.57
0.49
–1.50
–0.44
–0.52
–0.04
–0.82
0.28
–0.29
–0.56
–0.87
–0.73
0.23
0.22

0.56
0.52
0.17
1.78
0.11
0.25
0.07
0.32
0.36
0.55
0.70
0.48
-

748
692
227
209
509
413
160
1285
705
127
465
143
-
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Figure A.32. DFT-optimized crystal structure of (HHDMA)2 PdCl4 . The dashed line represents the
cell used for the calculation. Color codes as indicated in the caption of Figure A.31.
A (211) facet is usually employed to represent the active sites in a stepped metal surface. However,
the Pt(211) facet is less stable than Pt(311) since its surface energy (2.21 J m−1 ) is higher than that
of Pt(311) (2.08 J m−1 ). For this reason, Pt(311) was selected for represent a stepped surface. A unit
cell containing one HHDMA molecules and four atoms per metallic layer was adopted, in line with
previous investigation,[232] and the most stable adsorption configurations of HHDMA on the (111) and
(311) facets are shown in Figure A.31a and b.
It has been recently proposed that the local structure of platinum is surrounded by HHDMA species
and chloride ions.[237] To clarify this aspect, we have additionally investigated the possible interaction
of chloride species (instead of phosphate anions) with Pt(111) (Figure A.31c), based on the crystal
structure of (HHDMA)2 PdCl4 (Table A.5 and Table A.6 and Figure A.32). The adsorption of
(HHDMA)2 PdCl4 on platinum is exothermic by 3.04 eV per HHDMA molecule. The chloride ions
adsorb preferentially on top of Pt and the calculated Pt-Cl distance is 2.44 Å (Table A.6). This
suggests that Cl− substitution on (HHDMA)2 PdCl4 − induces a change in the interaction of the ligand
with the Pt atoms. The small volume occupied by Cl− enables an easy accommodation of the head of
the surfactant on the surface, which may lead to active site blockage.

Figure A.33. Side view of the DFT-optimized adsorption configuration of ClC6 H4 NO2 (a) and
ClC6 H4 NH2 (b) on Pt(111), Pt3 Pb(111), and Pt(111)-HHDMA. The molecules of HHDMA on Pt(111)HHDMA are not shown to better visualize the adsorbates. Color codes as indicated in the caption of
Figure A.31.
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Figure A.34. Optimized configuration for a 1.7 nm Pt-HHDMA nanoparticle in the absence (a) and
presence (b) of adsorbed ClC6 H4 NO2 . Color codes as indicated in the caption of Figure A.31.
To assess the influence of the platinum facets on the catalyst reactivity, a nanoparticle containing
260 Pt atoms was built (Figure A.34a). On this structure, the orthophosphates and capping
N(CH3 )3 (CH2 )OH moieties were adsorbed. The ligand-modified nanoparticle was equilibrated through
first principles Molecular Dynamics at 303 K. On the so-equilibrated structure, we have investigated the
adsorption of 4-chloronitrobenzene (Figure A.34b). The adsorption energy of ClC6H4NO2 is –0.03 eV
on the nanoparticle, in good agreement with that retrieved from a (111) model system (–0.06 eV).

Figure A.35. Snapshots of the classical molecular dynamics simulation illustrating the dynamic
behavior of the 4-clonitrobenzene adsorbed on Pt(111)-HHDMA. Color codes as indicated in the
caption of Figure A.31.
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Figure A.36. Proposed reaction pathway for the hydrogenation of ClC6 H4 NO2 on Pt3 Pb(111).

Figure A.37. Energy profile for the hydrogenation of ClC6 H4 NO2 on Pt3 Pb(111). The elementary
steps are indicated in Table A.7.
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Figure A.38. Proposed reaction pathway for the hydrogenation of ClC6 H4 NO2 on Pt(111).
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Table A.8. Reaction energy (∆E), activation energy (E a ), and imaginary
frequency (ν i ) of the elementary steps involved in the hydrogenation of
ClC6 H4 NO2 on Pt(111).
Step

Reaction

∆E
(eV)

Ea
(eV)

νi
(cm−1 )

(R1)
(R2)
(R3)
(R4)
(R4’)
(R5)
(R5’)
(R6)
(R6’)
(R6”)
(R7)
(R7’)
(R7”)
(R8)
(R9)
(R10)

ClC6 H4 NO2 + ∗  ClC6 H4 NO2 ∗
H2 + 2∗  2H∗
ClC6 H4 NO2 ∗ +H∗  ClC6 H4 NOOH∗ + ∗
ClC6 H4 NOOH∗ +H∗  ClC6 H4 NO∗ +H2 O∗
ClC6 H4 NOOH∗ +H∗  ClC6 H4 NOHOH∗ + ∗
ClC6 H4 NO∗ +H∗  ClC6 H4 NOH∗ + ∗
ClC6 H4 NO∗ +H∗  ClC6 H4 NHO∗ + ∗
ClC6 H4 NOH∗ +H∗  ClC6 H4 NHOH∗ + ∗
ClC6 H4 NNOH∗ +H∗  ClC6 H4 N∗ +H2 O∗
ClC6 H4 NHO∗ +H∗  ClC6 H4 NHOH∗ + ∗
ClC6 H4 NHOH∗ +H∗  ClC6 H4 NH2 ∗ +OH∗
ClC6 H4 NHOH∗ +H∗  ClC6 H4 NH∗ +H2 O∗
ClC6 H4 NHOH∗ +H∗  ClC6 H4 NH∗ +H2 O∗
OH∗ +H∗  H2 O∗ + ∗
ClC6 H4 NH2 ∗  ClC6 H4 NH2 + ∗
H2 O∗  H2 O + ∗

–0.06
–0.77
0.34
–0.99
–0.36
–0.35
0.26
–0.11
0.01
–0.29
0.03
–0.04
0.27
–1.90
0.23
0.21

0.48
0.24
1.41
0.30
0.63
0.26
0.50
1.21
0.67
0.66
1.01
0.15
-

782
164
221
1179
284
1022
1161
1513
525
314
159
104
-

Figure A.39. Energy profile for the hydrogenation of ClC6 H4 NO2 on Pt(111). The elementary steps
are indicated in Table A.8.
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Figure A.40. Structure of mpg-C3 N4 (a) with a characteristic 6-fold cavity highlighted in orange,
and top (b) and side (c) views of the DFT-optimized incorporation of a palladium atom on the surface.
Color codes: C (gray), N (purple), and Pd (blue).

Figure A.41. DFT-optimized incorporation of atomic palladium on the surface (a), subsurface (b),
and subsubsurface (c) of mpg-C3 N4 . Color codes as in the caption of Figure A.40.
The subsurface atom is slightly more stable than the surface one by –0.10 eV, while the atoms in
deeper positions are isoenergetic with that on the surface. Diffusion on the surface requires 1.13 eV
and 1.00 eV in the two perpendicular directions.

The aggregation energy of isolated Pd atoms to form dimers and trimers is endothermic by 0.90 eV and 0.53 eV, respectively.

form dimers (b) and trimers (c). Color codes as in the caption of Figure A.40.

Figure A.42. Top and side views of the DFT-optimized incorporation of atomic palladium on mpg-C3 N4 (a). Aggregation of palladium atoms to
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Figure A.43. Fourier-transform infrared spectra of CO over selected catalysts.

Figure A.44. Pd 3d core level X-ray photoelectron spectroscopy of [Pd]mpg-C3 N4 before (0 nm) and
after Ar+ sputtering at various depths (5-35 nm).
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Figure A.45. Rate of reaction (in 103 mol 1-hexene mol Pd−1 h−1 , top) and selectivity to 1-hexene
(in %, bottom) for the hydrogenation of 1-hexyne over Pd-HHDMA/C (a), Pd-Pb/CaCO3 (b), and
Pd/Al2 O3 (c). Reaction conditions: T = 303-363 K, P = 1-8 bar, W cat = 0.1 g, F L = 1 cm3 min−1 , and
F G = 24 cm3 min−1 . The contour plots were obtained through spline interpolation of the experimental
points marked with black dots.
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Figure A.46. Rate of reaction (in 103 mol product mol Pd−1 h−1 , top) and selectivity to product
(in %, bottom) the hydrogenation of 2-methyl-3-butyn-2-ol to 2-methyl-3-buten-2-ol (a), 3-hexyne to
cis-3-hexene (b), and nitrobenzene to aniline (c) over [Pd]mpg-C3 N4 . Reaction conditions: T = 303363 K, P = 1-8 bar, W cat = 0.1 g, F L = 1 cm3 min−1 , and F G = 24 cm3 min−1 in (a) and (b); and
T = 303-363 K, P = 1-60 bar, W cat = 0.1 g, F L = 0.5 cm3 min−1 , and F G = 48 cm3 min−1 in (c).
The contour plots were obtained through spline interpolation of the experimental points marked with
black dots.
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