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Summary
Highly active, selective, and stable catalysts are required to meet the sustainability goals of
modern society. Precious metals are key components in catalytic systems for many industrial
processes and are traditionally applied in the form of metal nanoparticles supported on
high-surface area carriers such as alumina, silica or activated carbon. With regards to metal
utilization, these materials are conceptually inefficient since a large fraction of ‘bulk’ metal
atoms is unable to participate in the catalytic reaction. Moreover, metal nanoparticles often
suffer from unselective performance due to a wide range of active site structure that they
present. In this context, single-atom heterogeneous catalysts (SAHCs) attract interest in several
applications because every atom has the potential to contribute to the turnover and the diversity
of metal species is reduced. To overcome the tendency of isolated metal atoms to agglomerate
into clusters and nanoparticles, intensive effort has been devoted to developing carriers with
suitable binding sites to stabilize them.
Recently, graphitic carbon nitride, a material comprised of heptazine units that arrange
to form nitrogen-rich cavities, has been shown to successfully anchor palladium and silver
atoms, giving rise to high selectivity and stability in alkyne semi-hydrogenation. Carbon nitrides
encompass a broad family of materials based on heptazine or triazine building blocks, which
exist in different morphologies and crystalline structures. Carbon nitride has been previously
applied as a support for various metal-based catalysts. However, these studies primarily focused
on nanoparticles where the possible presence of single atoms in the material and their influence
on the catalytic performance has not been assessed. A broader exploration of the applicability
of carbon nitride as a host for metal atoms and clusters is clearly needed to identify criteria for
the design of efficient catalyst based on this host.
This thesis targets the establishment of structure-performance relationships for
atom-efficient catalysts based on carbon nitrides by applying an integrated approach
comprising material synthesis, in-depth characterization and molecular modeling. The catalytic
performance is evaluated in the liquid-phase semi-hydrogenation of alkynes, which has been
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found to be highly sensitive to the presence and characteristics of single atoms. As the thesis
evolves, the application of SAHCs is extended to industrially-relevant C-C couplings.
The first part of the thesis explores the scope of carbon nitride for tuning the properties of
the incorporated metal centers by tailoring the host. In particular, the impact of the support
morphology and method of metal introduction on the stabilization of the single atoms is
examined and generalized for several metals (Pd, Pt, Ag, Au and Ir). High surface area
exfoliated or mesoporous forms of carbon nitride lower the areal density of the metals introduced
post-synthetically, and are associated with reduced nanoparticle formation compared with
the bulk (non-porous) material. While high alkyne semi-hydrogenation rates are observed on
catalysts prepared by impregnation, featuring isolated atoms on the external surface of the
carrier, copolymerization and doping of suitable metal complexes with dicyandiamide results
in less accessible atoms entrapped in the bulk of the host, and is associated with lower activity.
Density Functional Theory and Kinetic Monte Carlo simulations identify preferred locations for
single atoms both at the surface and subsurface of the carbon nitride structure. Understanding
and controlling the location of metal species within the host is critical to achieve a full metal
utilization and constitutes a highly relevant design aspect.
Moderating the strength of the metal-carrier interaction provide means to tailor the
geometric and electronic properties of the isolated metal species. The role of the metal-carrier
interaction is examined by varying the C/N ratio of graphitic carbon nitride, which is readily
achieved via the copolymerization of cyanamide with carbon-rich heterocycles. Depending on
the identity of the dopant, different functional groups could be introduced in the carbon nitride
scaffold, influencing the metal oxidation state, a quantitative indicator of the degree of electron
transfer between the metal and the carrier. Exchanging nitrogen atoms with carbon in the
scaffold lowers palladium oxidation state, enhancing the activity in the semi-hydrogenation
of alkynes. The opposite effect is encountered if oxygen defects are introduced into the cavity.
Similar tunability is observed upon changing the crystalline structure of carbon nitride. Despite
reducing the coordination number, a larger cavity size is found to strengthen the metal–host
interaction due to the undesirable migration of the atoms to less accessible subsurface sites. This
could be counteracted by the exchange of intercalated alkaline metals within the network of
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poly(triazine imides) and poly(heptazine imides) with other larger cations such as magnesium
to drive subsurface palladium atoms into surface positions.
The second part of this thesis extends the evaluation of SAHCs in other applications.
Considering the strong resemblance of metal centers in SAHCs to those in organometallic
complexes, the performance of palladium atoms supported on exfoliated form of graphitic
carbon nitride is explored in Suzuki couplings operated in continuous flow, highlighting
the prospects for the heterogenization of homogeneously-catalyzed organic transformations.
Single atoms exhibit sixteen-fold higher turnover frequency than the state-of-art catalyst
tetrakis(triphenylphosphine)palladium (Pd(PPh3 )4 ), while no metal leaching or aggregation
is observed after 13 hours on stream. The enhanced performance is shown to originate from
the adaptive coordination environment of palladium atoms within the carbon nitride scaffold,
which participates in the reaction cycle and mimics the homogeneous catalyst.
Despite the great interest in SAHCs and increasing awareness that they are not always
the preferred catalytically-active site for particular chemical transformations, the design and
understanding of other low-nuclearity catalysts has mainly remained in the realm of surface
science approaches. In the final part of the thesis, by exploiting the unique coordination
chemistry of carbon nitride, other atomically-dispersed species, such as dimers and trimers
of palladium, were prepared by using suitable precursors. The interplay between the geometry,
electronic structure and reactivity is evaluated through advanced experimental techniques and
theoretical simulations. Catalytic tests evidence application-dependent requirements of the
active ensembles. In the semi-hydrogenation of alkynes, trimeric ensembles exhibit a four-fold
higher reaction rate compared to the single atoms and dimers. In Suzuki coupling, Pd single
atoms show superior performance, whereas dimers and trimers exhibit limited stability due to
the strong adsorption of the phenyl group of the reagents, which causes nanoparticle formation.
These results illustrate the effect of adding or removing a single atom on the performance of
low-nuclear clusters, permitting the atomic resolution of structure-property relationships.
This thesis demonstrates the versatility of carbon nitrides as hosts for highly dispersed
metals, providing a framework for both fundamental studies expanding to other hosts, metals
and cluster sizes, as well as the application-oriented design of efficient catalysts based on
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low-nuclearity clusters. The characterization of these species lies at the frontier of the scope of
established techniques and requires careful examination by a combination of experimental and
theoretical approaches to develop understanding of the structure and reactivity.

Riassunto
Catalizzatori altamente attivi, selettivi e stabili sono necessari per soddisfare gli obiettivi
di sostenibilità della società moderna. Metalli nobili sono componenti chiave di numerosi
processi catalitici industriali e vengono tradizionalmente applicati sotto forma di nanoparticelle
metalliche supportate su materiali inerti ad alta area superficiale, come allumina, silice o
carbone attivo. Tali materiali sono concettualmente inefficienti riguardo all’impiego del metallo,
perché una grossa frazione di atomi di metallo si trova all’interno delle nanoparticelle e non può
partecipare alla reazione catalitica. Inoltre, spesso le nanoparticelle metalliche non sono selettive
a causa della presenza di un’ampia gamma di siti attivi. Di conseguenza, catalizzatori eterogenei
alternativi in cui il metallo è presente come atomi isolati (single-atom heterogeneous catalyst,
indicati come SAHC) attirano grande interesse, perché ogni atomo ha il potenziale di contribuire
al turnover e si riduce la gamma di specie metallicheesistenti nel solido. Per mimimizzare la
tendenza di atomi di metallo isolati ad agglomerarsi in clusters e nanoparticelle, molti sforzi
sono stati dedicati allo sviluppo di supporti che presentino opportuni siti di legame che possano
stabilizzarli.
Recentemente, il nitruro di carbonio grafitico, un materiale composto da unità di eptazina
che si organizzano formando cavità ricche di azoto, ha dimostrato di ancorare con successo
atomi singoli di palladio e argento, che hanno dimostrato elevata selettività e stabilità
nell’idrogenazione parziale degli alchini. I nitruri di carbonio comprendono un’ampia famiglia
di materiali a base di eptazina o triazina, presenti in diverse morfologie e strutture cristalline.
Il nitruro di carbonio è stato precedentemente applicato come supporto per vari catalizzatori
a base di metalli di transizione. Tuttavia, questi studi si sono concentrati principalmente sulle
nanoparticelle e di conseguenza non è stata valutata la presenza di atomi isolati nel materiale e la
loro influenza sull’attività catalitica. È chiaramente necessario un ampio studio dell’applicabilità
del nitruro di carbonio come host per atomi e cluster metallici cosicché si possano identificare
criteri per la progettazione di un catalizzatore efficiente basato su questo host.
Questa tesi mira all’identificazione di relazioni struttura-attività per catalizzatori ad alta
efficienza basati su nitruri di carbonio, applicando un approccio che integra la sintesi dei
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materiali, la loro caratterizzazione approfondita e la modellistica molecolare. Le prestazioni
catalitiche vengono valutate nell’idrogenazione parziale trifasica degli alchini, che si dimostra
altamente sensibile alla presenza e alle caratteristiche degle atomi isolati. In seguito,
l’applicazione dei SAHC viene estesa ad accoppiamenti C-C rilevanti nell’industria chimica.
La prima parte della tesi esplora come ottimizzare le proprietà dei centri metallici adattando
la struttura del supporto. In particolare, si esamina l’impatto sia della morfologia del supporto
che del metodo di introduzione del metallo sulla stabilizzazione di atomi singoli per diversi
metalli di transizione (Pd, Pt, Ag, Au e Ir). Forme esfoliate o mesoporose del nitruro di carbonio
ad alta superficie riducono la densità areale di metalli introdotti sul supporto preformato
e riducono la formazione di nanoparticelle rispetto all’uso di un supporto non poroso. Alte
velocità di idrogenazione parziale degli alchini vengono osservate con catalizzatori preparati
per impregnazione, che contengono atomi isolati sulla superficie esterna del supporto, mentre
la copolimerizzazione e il doping con complessi metallici con diciandiammide portano ad
attività inferiori siccome una quantità rilevante di atomi rimane intrappolata nell’interno
della struttura del supporto. Simulazioni teoriche e di cinetica di Monte Carlo identificano le
posizioni preferenziali degli atomi isolati sia sulla superficie che nella sottosuperficie del nitruro
di carbonio. La comprensione ed il controllo della posizione delle specie metalliche all’interno
del supporto è fondamentale per raggiungere un utilizzo completo del metallo e costituisce un
aspetto di design altamente rilevante.
Moderare la forza dell’interazione metallo-supporto rappresenta uno strumento importante
per regolare le proprietà geometriche ed elettroniche delle specie metalliche isolate. Il ruolo di
tale interazione viene studiato variando il rapporto C/N del nitruro di carbonio grafitico, che si
cambia facilmente nella copolimerizzazione della cianamide usando eterocicli più o meno ricchi
di carbonio. In aggiunta si esplora l’effetto dell’identità del dopante, che, potendo formare diversi
gruppi funzionali nella struttura del nitruro di carbonio, puó influenzare lo stato di ossidazione
del metallo, che repparesenta un indicatore quantitativo del grado di trasferimento di elettroni
tra il metallo e il supporto. Scambiando atomi di azoto con atomi di carbonio si riduce lo
stato di ossidazione del palladio, migliorando l’attività nell’idrogenazione parziale degli alchini.
Un effetto contrario si riscontra se nella cavità vengono introdotti difetti d’ossigeno. Simili
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modifiche si osservano cambiando la struttura cristallina del nitruro di carbonio. Nonostante si
riduca il numero di coordinazione, una dimensione maggiore della cavità rafforza l’interazione
metallo-supporto a causa della migrazione indesiderata degli atomi verso siti meno accessibili
sotto la superficie. Ciò potrebbe essere controbilanciato scambiando metalli alcalini intercalati
all’interno della rete di poli(triazina-immide) e poli(eptazina-immide) con altri cationi più
grandi come il magnesio, per spingere gli atomi sottosuperficiali di palladio alla superficie.
La seconda parte di questa tesi estende la valutazione dei SAHC ad altre applicazioni.
Considerando la forte somiglianza dei centri metallici nei SAHC a quelli dei complessi
organometallici, si studiano le prestazioni degli atomi di palladio supportati sulla forma esfoliata
del nitruro di carbonio grafitico negli accoppiamenti di Suzuki condotti in condizioni continue,
che rivelano prospettive per l’eterogenizzazione di trasformazioni organiche convenzionalmente
catalizzate in maniera omogenea. Gli atomi singoli mostrano una frequenza di turnover sedici
volte superiore rispetto al miglior catalizzatore riportato, ossia il palladio complessato con la
trifenilfosfina (Pd(PPh3 )4 ) e non si osserva alcuna perdita o agglomerazione di metallo dopo
tredici ore in flusso continuo. Questa prestazione superiore ha origine dalla capacità del nitruro
di carbonio di coordinare gli atomi di palladio in maniera flessibile durante il ciclo di reazione
in modo simile al catalizzatore omogeneo.
Nonostante il grande interesse per i SAHC e la crescente consapevolezza che non sono il sito
catalitico attivo preferito per alcune trasformazioni chimiche, la progettazione e la comprensione
di altri catalizzatori a bassa nuclearità è rimasta principalmente nel regno della scienza delle
superfici. Nella parte finale della tesi, sfruttando la chimica di coordinamento unica del nitruro
di carbonio, altre specie disperse atomicamente, come dimeri e trimeri di palladio, sono state
preparate utilizzando opportuni precursori. L’interazione tra geometria, struttura elettronica
e reattività viene valutata attraverso tecniche sperimentali avanzate e simulazioni teoriche.
Test catalitici evidenziano che i requisiti degli ensemble attivi dipendono dall’applicazione.
Nell’idrogenazione degli alchini, gli ensemble trimerici mostrano una velocità di reazione quattro
volte superiore rispetto agli atomi singoli e ai dimeri. Nell’accoppiamento di Suzuki, gli atomi
singoli presentano prestazioni superiori, mentre dimeri e trimeri mostrano una stabilità limitata
a causa del forte adsorbimento del gruppo fenile nei reagenti, che provoca la formazione di
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nanoparticelle. Questi risultati illustrano l’effetto dell’aggiunta o della rimozione di un atomo
singolo sulle prestazioni di cluster a basso grado di nuclearità, consentendo una risoluzione
atomica delle relazioni struttura-proprietà.
Questa tesi dimostra la versatilità del nitruri di carbonio come supporto per metalli
altamente dispersi, gettando le fondamenta per studi di ricerca di base su altri supporti,
metalli e dimensioni dei cluster, e per la progettazione di catalizzatori basati su cluster a
bassa nucleazione che garantiscano efficienza in applicazioni specifiche. La caratterizzazione di
queste specie si trova ai limiti delle tecniche consolidate e richiede un attento esame che combini
approcci sperimentali e teorici per sviluppare una comprensione solida della struttura e della
reattività.
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Chapter 1
Introduction
1.1. Metal-Catalyzed Reactions
Supported metals are among the most important catalytic materials and understanding
their design is tackled by researchers worldwide due to the need to improve the efficiency of
current and future chemical processes.

[1]

This is especially important in view of the indispensible

role of precios metals, which still exhibit unparalleled performance in many key transformations
such as H-H splitting or C-H and C-C bond formation. Traditionally, metal-based catalysts
are divided into two main types: homogeneous and heterogeneous. The former comprises a
variety of soluble metal complexes, that typically exhibit high active site uniformity leading
to exceptional catalytic activity and selectivity even under mild conditions. However, they are
often unstable and separating them from the reaction mixture requires expensive and tedious
purification steps.

[2]

In comparison, heterogeneous catalysts, which are in a different phase

from the reagents and products, are widely favored by the chemical industry since they can be
easily recovered and reused, and are usually more robust. Nevertheless, they also suffer from
a number of well-known limitations, such as the relatively small fraction of active surface sites
compared to the total number of metal atoms, which restricts their utilization. Furthermore, the
complex structure presented by solid surfaces poses a major challenge in understanding surface
mechanisms and defining structure-performance relations enabling the catalyst design.

[3]

1.2. Emergence of SAHCs
Intense efforts to overcome the main drawbacks of homogeneous and heterogeneous catalysts
have led to the increasing convergence of these two disciplines, through the development of
nanostructured materials. For example, in the semi-hydrogenation of alkynes, hybrid metal
nanoparticles, multimetallic and p-block modified nanoparticles have been introduced in
the PhD theses of Dr. Gianvito Vilé and Dr. Davide Albani (Figure 1.1).

[4,5]

The most
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Figure 1.1. Strategies to control the nanostructure of palladium-based nanoparticles for alkyne semihydrogenation, including hybrid materials (Pd-HHDMA), multimetallic (Pd-Pb) and p-block modified
materials (Pd3 S).

common approach towards the heterogenization of homogeneous catalysts is the grafting
of an organometallic complex onto a solid material.

[6]

Single-atom heterogeneous catalysts

(SAHC) deserve special attention due to the potential for every atom to contribute to the
catalytic turnover in a targeted application. In a SAHC, individual metal atoms are stabilized
on appropriate solid carriers, representing a paradigm of site isolation hailed as the limit
of heterogeneous catalysis (Figure 1.2).

[7,8]

Decreasing the population of metal atoms can

significantly alter the properties and a concern of this thesis is to understand to what extend
they resemble those of traditional heterogeneous or homogeneous catalysts.
The precise design of active sites at the atomic level, which is a primary advantages
of homogeneous catalysts, becomes more feasible in single-atom heterogeneous catalysts.
Combined with the increased active site uniformity, SAHCs may be able to mimic the desirable
highly specific selectivity of organometallic complexes, the use of which still dominates in many
fine chemical applications. Indeed, in the traditional nanoparticle-based catalysts a high fraction
of atoms may be present in edge, steps, corner or defect sites, resulting in a broad range
of active sites that could catalyze different side reactions. Unique electronic and geometrical
properties intrinsic to SAHCs could alter the reactivity with respect to their conventional
analogues requiring or permitting alternative catalytic paths. On the other hand, the high
thermal and chemical stability and easy separation SAHCs inherent to heterogeneous catalysts.
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Figure 1.2. A key question in the design of SAHCs is to what extend their properties resemble those
of traditional homogeneous or heterogeneous catalysts.

Additionally, SAHCs provide a platform for fundamental studies on reaction mechanisms and
the identification of optimal active sites in distinct chemical transformations.

1.3. Preparation of SAHCs
A prerequisite in the preparation of SAHCs is the attainment of an atomic dispersion of the
desired metal species. However, this represents a major challenge because of the tendency of
aggregation of single metal atoms, which can occur during the synthesis, activation and catalytic
application of these materials.

[7,9]

Diverse host materials have been studied to prepare stable

SAHCs (Figure 1.3). Depending on the host, various amount of the metal can be introduced.
Furthermore, distinct coordination sites, which are provided by various host nature, bring new
properties to the metal atoms. Compared with advanced generations of catalysts based on
supported nanoparticles, the understanding of metal stabilization processes of single atoms
remains limited.
A number of high-vacuum physical deposition techniques can be employed to prepare
SAHCs, such as atomic-layer-deposition

[11]

or mass-selected soft-landing technique. Enabling

a precise control of the cluster size and loading of different metals, the materials prepared by
these approaches are valuable for fundamental research in surface science to gain molecular-level
understanding of size effects on catalytic phenomena.

[8]

However, the practical scope of

these methods is limited by costly and often low-yield procedures, which are not scalable or
economically viable for industrial applications.

[7]

As a more standard approach, the metal precursor could be also deposited in the form
of a soluble salt, known as wet deposition. The presence of surface groups on the host that
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Figure 1.3. Diverse host materials that have been studied to prepare SAHCs indicating the distinct
coordination sites with representative examples.

[10]

coordinate the metal complex, prevents the aggregation of the metal during the deposition
process.

[12,13]

In this regard, hosts with large surface areas exhibiting abundant anchoring sites

are required to achieve high metal loadings. A strong metal-host interaction is key to preserve
atomic dispersion after the post-synthetic treatments such as the removal of residual ligand
at elevated temperatures.

[14]

Due to the facile steps and inexpensive precursors, this method

allows preparation of practical catalysts with the potential for scalability.
One-pot syntheses such as pyrolysis or co-precipitation can be applied to achieve the
stabilization of single atoms. This approach implies the metal incorporation during the
synthesis of the host. For example, the thermal decomposition, or pyrolysis, of metal-organic
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frameworks gives rise to metal atoms embedded in nitrogen-doped carbons. On the other hand,
co-precipitation of metal salts under specific pH and temperature is widely used to anchor single
atoms on oxide defects.

[15]

However, the one-pot synthesis may result in decreased surface areas

of the support and the control of the metal loading may not be straightforward.

[16]

Additionally,

the part of metal atoms could be entrapped inside the host structure, thus, be inaccessible for
reagents during the reaction.

1.4. Characterization of SAHCs
One of the most important factors accelerating progress in the single-atom field, is the
availability of suitable techniques for the characterization of atomically-dispersed metals.
None of them alone is sufficient to describe such complex materials, thus, in most cases
a combination of methods is required. Recent advances in atomically-resolved analytical
techniques, such as subangstrom-resolution aberration-corrected scanning transmission electron
microscopy (AC-STEM), have been pivotal, confirming the existence of single atoms after
years of speculation.

[17]

AC-STEM could provide the location of individual atoms and their

distribution over crystalline hosts, deriving structural information about the metal species.

[13,15]

However, the electron beam may induce transformation of the material, for instance, its melting,
thus, the stability of the catalyst is essential. Scanning tunneling microscopy (STM) is another
state-of-art technique for resolving the atomic-scale structure of model catalysts, addressing
fundamental questions related to catalytic processes, such as distribution of the electron density
over the surface atoms, structural transformation and chemical modification of the surface
caused by adsorbates and chemical reactions and the surface diffusion and mobility of the
reactant molecules.

[18,19]

However, STM is not suitable for all types of materials because it

requires a single-crystal surface and has been mainly applied for the study of single-atom
alloys. Elemental mapping by energy-dispersive X-ray (EDX) or electron energy loss (EELS)
spectroscopy in combination with microscopy analysis, provides information on the relative
distribution of specific elements on the host material. For instance, using the atomic-level EELS
could provide direct evidence of the proximity of metal atoms to nitrogen on the N-doped carbon
support.

[20]

X-ray absorption spectroscopy (XAS) provides more in-depth characterization of

SAHCs. Single atoms anchored on the host materials are characterized by extended X-ray
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absorption fine structure (EXAFS) first-shell metal-metal coordination numbers close to zero,
which is used to evidence the absence of meta-metal bonding. Additionally, information about
low-Z scattering elements such as carbon, oxygen or nitrogen, around the metal atom can also
be derived by EXAFS, providing insight into the coordination of the atom with a support,
although it remains challenging to distinguish between these elements. X-ray absorption near
edge spectroscopy (XANES) is applied to probe the chemical state of the isolated metal atoms
by analyzing the XANES edge height, which provides a direct indication of the charge transfer
between a metal and a host. X-ray photoelectron spectroscopy (XPS) is widely used as a
complementary technique to unravel the oxidation state of surface atoms, which commonly
displaying the cationic nature. Fourier-transform infrared studies of chemisorbed CO is a
powerful tool to address the speciation and properties of single atoms over the host material.
Single atoms could adsorb CO linearly, while the bridged-bound CO could be detected in the
nanoparticle-based materials due to the presence of neigbouring metal sites.

[15]

On the other

hand, the interpretation of many experimental techniques strongly relies on the availability of
structural models, which are currently mainly derived from theoretical calculations. At the same
time, the charge on metal center can be modeled and related to the experimentally observed
values.

[21]

1.5. Applications of SAHCs
A great interest in single-atom catalysis arises from the high metal utilization and
unique reactivity which isolated metals can potentially deliver with respect to conventional
nanoparticle-based catalysts for established processes. A fundamental question is under which
conditions single atoms would be the preferred active site. Different trends in catalytic
performance can be observed upon reducing the particle size towards the atomic limit
(Figure 1.4). In this regard, controlled experimental studies have established the superior
performance of metal clusters supported on a given carrier for different applications. For
example Pd@TiO2 was found to be inactive for CO oxidation, while size-selected clusters
demonstrated a non-linear activity dependence.

[22]

Calculations have similarly predicted lower

barriers over multiatom ensembles in some reactions.

[23]

On the other hand, SAHCs may offer

other benefits such as higher resistance to coking or improved stability to sintering. To further
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Figure 1.4. Trends in relative turnover frequency (based on the total metal content and normalized
to the maximum value) upon reducing the atomic population of metal nanoparticles (solid squares)
to single atoms (open triangles). The range of average nanoparticle diameter is indicated.

explore the potential, the examination of the performance in selected applications with respect
to their predecessors should be conducted systematically.
Water-gas shift reaction (WGS) has been widely studied over SAHCs. Highly dispersed
nonmetallic Au or Pt species were anticipated to catalyze this reaction long before the presence
of isolated centers was directly evidenced since the removal of metallic nanoparticles by leaching
did not impact the activity.

[24]

Detailed studies by Flytzani-Stephanopoulos et al.

[25,26]

have

demonstrated synthetic approaches to obtain Au-O(OH)x or Pt-O(OH)x as the primary active
species on both reducible and irreducible hosts, which was supported by the comparatively
low activity over analogous nanoparticle-based catalysts. For both metals, Arrhenius plots
of turnover frequency evidenced unified trends the equivalent estimated activation energy
supporting the similar active-site structure. The apparent secondary role of the host was
linked to the ability to form regenerable OH groups proximal to CO molecules adsorbed on
the M-Ox species. A lack of appropriate tailoring of the surface composition could explain why
other groups have reported contradictory trends. Monitoring the evolution of Pt1 Com /Co3 O4
catalysts by in situ XAS, Zhang et al.

[9]

also reported that while singly dispersed Pt@Con

nanoclusters catalyzed the reaction at temperatures $ 473 K, at higher temperatures Ptm Com’
(m

% 1) nanoclusters formed that when re-evaluated in the low temperature regime were up

to 3 times more active than the initial SAHC. In an extreme case, Stair et al.

[27]

reported that

only nanoparticles were active in a study of Pt catalysts based on various supports. Infrared
evidence showed that bands related to CO adsorption on single atoms remained unchanged
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during the low temperature WGS reaction, while those associated with nanoparticles quickly
reacted with water.
CO oxidation is a prototypical reaction for both applied and fundamental studies over
SAHCs. As for the WGS reaction, high activity is often reported, but the impact of the SAHC
design appears more influential. Due to the known activity in this reaction, Au based systems
have attracted significant attention. However, most experimental evidence points towards the
lower activity of single atoms than metal clusters.

[28,29]

On the other hand, Qiao et al.

[30]

highlighted a potential advantage of single atoms, demonstrating the increased resistance to
sintering of Au@FeOx compared to larger Au nanostructures. Au@CeO2 was later shown to be
stable for the preferential oxidation of CO in H2 -rich streams.

[31]

Differently from Au, atomic

dispersion appears crucial for low-temperature CO oxidation over Pd.

[32]

Pd atoms on La2 O3

modified Al2 O3 were found to show exceptional activity where metallic Pd surface sites are
inactive due to poisoning by strongly adsorbed CO.

[33]

Operando XAS evidenced cationic Pd

intermingled with La as the active site. Although deactivation due to sintering became more
significant with increasing metal loading, the activity losses could be reversed by redispersing
the Pd via high-temperature treatment in air. Pd@CeO2 stands out as a stable alternative.

[34]

Still, the nature of the active site between Pd ions doped in the surface of the host or PdOx
species has been actively debated. This partly arose from the lack of a suitable surface model
to describe CO adsorption of doped Pd atoms.

[35]

In efforts to predict more efficient catalysts,

various groups have computed the performance of SAHCs based on different hosts. For instance,
five SAHCs (Rh1 , Pd1 , Ru1 , Ti1 and Co1 supported on FeOx ) were anticipated to be more
active than Pt@FeOx .

[36]

Ir@FeOx was predicted to be less active than Pt@FeOx and this was

confirmed experimentally.

[37]

The performance of many of the systems identified has yet to be

confirmed experimentally, and in some cases the synthesis has still not been reported.
Selective hydrogenations are key catalytic transformations with industrial applications
ranging from the multi-ton purification of refinery products to the kilo scale preparation of
fine chemicals. SAHCs have demonstrated activity in the hydrogenation of different functional
groups,

[11,38,39]

due to the cationic nature of the metal centers. For example, the Pt single atoms

supported on FeOx have been shown to increase the adsorption strength of nitro groups resulting

Introduction

9

in twenty-fold improve of the catalytic yield with respect to the state-of-art catalysts.

[40]

However, similar performance was identified over ensembles consisting of several to tens of
atoms and thus the benefits of active site isolation atoms remain unclear. The choice of the
support was identified to have a dramatic effect. In particular, systems based on SiO2 and
Al2 O3 were unable to achieve a similar selectivity to Pt@FeOx , which was attributed to the
preferential adsorption of the nitro group on basic or reducible oxides.
Electrochemical applications of SAHCs have also generated significant attention.
have mainly focused on Pt-based catalysts,

[42]

[41]

These

due to their established practical relevance,

or alternatives based on earth-abundant metals (primarily Co or Fe).

[43]

Two additional

considerations in electro- compared to thermal catalysis are the host conductivity and the pH
of the reaction media. In the majority of cases, the performance of SAHCs has been evaluated
with respect to the commercial Pt/C nanoparticle-based catalyst. The observations depend
strongly on the application. Interesting prospects to tune the mechanism have been reported
in the oxidations of methanol (MOR), ethanol (EOR) and formic acid (FAOR). The lack of
activity of SAHCs in MOR has been considered as a diagnostic test to confirm the isolation of
metal centers.

[14]

A significant nuclearity effect was evidenced through the controlled deposition

of platinum clusters of different size. While some activity has been reported, SAHCs do not
appear to be the most active for EOR.

[41]

Opposite behavior was reported in FAOR, with

SAHCs promoting a direct pathway that avoids surface poisoning by CO leading to high mass
activity.
Studies applying SAHCs in homogeneously-catalyzed processes, such as C-C bond forming,
selective hydrocarbon oxidations and hydroformylation point toward highly interesting potential
to implement efficient recoverable alternatives. Recently, Pd on CoO has been shown to catalyze
water-mediated Suzuki coupling reaction with the yield of 49% under mild conditions.

[44]

On

the other hand, Au SAHCs based on functionalized carbon nanotubes were also shown to be
inactive in the oxidation of thiophenol, but gold clusters formed during the reaction exhibited
comparable activity to that of sulfhydryl oxidase enzymes.

[45]
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Figure 1.5. Structural diversity of carbon nitrides. Representation of the characteristic six-, nineand fifteen-fold cavity structures.

1.6. Recent Developments in the Topic
The area of single atom catalysis has grown rapidly in the last years, which is reflected by
the number of reviews published on the topic.

[12,46,47]

To design stable single atom catalysts,

a promising strategy is to select a high-surface-area support containing ‘cages’ or ‘cavities’
that can entrap the catalytically active atoms in an isolated form, similarly to what has been
done in the past for asymmetric organometallic catalysts and ‘ship-in-a-bottle’ nanostructures.
Recently, isolated Pd atoms supported on mesoporous graphitic carbon nitride (Figure 1.5)
were shown to be highly selective in the reaction of alkyne semi-hydrogenation.

[38]

The material

displayed a strong resistance towards metal leaching and aggregation for more than 25 hours
under continuous operation. Similarly, Ag single atoms on the same support outperformed
nanoparticle-based catalysts applied in the same reaction.

[48]

Graphitic carbon nitride offers

several very attractive features; it is easily and reproducibly prepared by the polymerization
of inexpensive precursors, and offers a high thermal and chemical stability. Moreover, the
support can be obtained with high surface area and in the graphitic-like form, which has
relatively widely separated layers, thereby enhancing the accessibility of metal centers. Finally,
the specific interaction of metal with the support, whereby the metal atoms are isolated in
six-fold cavities and are strongly coordinated with neighboring nitrogen atoms, was found to
enable a unique reaction mechanism. The active participation of the support was confirmed by
Density Functional Theory calculations, which showed that following dissociation on palladium
hydrogen atoms could coordinate with surrounding nitrogen atoms generating a positive charge
that exposes the palladium at the surface of the support. Although, the chemistry of graphitic
carbon nitride is well-studied, and approaches to modify its morphology, porosity, composition
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and chemical structure are known, the effects on the stabilization and control of metal species
of varying nuclearity have not been assessed.

1.7. Aim of the Thesis
The goal of this thesis is to explore the scope of carbon nitrides as hosts for single
metal atoms and low-nuclearity clusters, and to examine the catalytic behavior of the
resulting materials compared to that of the state-of-art systems. This is done by synthesizing
materials with well-defined ensembles and by assessing the effects of the speciation, distribution
and oxidation state of the metal on the activity, stability and selectivity. Advanced
characterization methods, theoretical calculations and catalytic tests are integrated for this
purpose. Ultimately, the approach aims at deriving descriptors to guide the engineering of
single-atom heterogeneous catalysts. This work was supported by the Swiss National Science
Foundation (Grant No. 200021-169679).

1.8. Outline of the Thesis
The results of the thesis are presented in five chapters (Chapters 2-6) followed by the
Conclusions and Outlook (Chapter 7).
Understanding how the properties of the host material impact the isolation and stabilization
of metal centers is essential to guide the design of SAHCs. Chapter 2 compares the effectiveness
of direct and post-synthetic routes to incorporate palladium, iridium, platinum, silver or gold
in graphitic carbon nitrides of distinct morphology. While single-atom dispersion is readily
attained via direct approaches applying copolymerizable metal precursors, it results in a higher
fraction of the metal residing in subsurface locations and poor control over the metal content.
Post-synthetic routes enable improved control over the amount of metal introduced, and a higher
fraction of surface metal species, but can increase the chance of nanoparticle formation. Together
with evaluation in the semi-hydrogenation of 1-hexyne and Kinetic Monte Carlo simulations,
the findings identify the control over location of metal sites to maximize the population at the
surface layer as a key challenge to design efficient SAHCs.
The possibility to modify the chemical composition of carbon nitride presents interesting
opportunities to tailor the properties and reactivity of SAHCs. Chapter 3 elaborates on the
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impact of doping the lattice of graphitic carbon nitride on the interaction with palladium
by exchanging one nitrogen atom in the cavity with carbon. Atomically-dispersed palladium
could be stabilized on both the pristine and carbon-doped carriers, but differences are
observed in the oxidation state of the metal. The latter, which provides a measure of the
degree of electron transfer from the metal to the carrier, is found to correlate with the
semi-hydrogenation rate of 2-methyl-3-butyn-2-ol to 2-methyl-3-buten-2-ol. Density Functional
Theory calculations support the decreased adsorption energy of palladium upon doping with
carbon and reveal the potentially significant impact of oxygen-containing defects. To extrapolate
this knowledge further, Chapter 4 demonstrates that palladium atoms could be effectively
isolated on carbon nitrides with other crystalline structures, such as linear melem oligomers
and poly(triazine/heptazine imides). Changing the size of the cavities in the scaffold leads
to significant variation in the average oxidation state of the metal due to the penetration of
palladium atoms into subsurface positions. This can be tuned by exchanging ionic species as
evidenced by X-ray photoelectron spectroscopy and by Density Functional Theory. The catalytic
trends agree with those observed upon modifying the composition of g-C3 N4 .
Cross-coupling reactions, central tools in synthesis of fine chemical, predominantly employ
soluble metal complexes as catalyst. Attempts to heterogenize the reaction to improve the
metal utilization by enabling the catalyst reuse have faced limitations because of insufficient
activity or stability. In this context, considering the resemblance of metal centers in SAHCs
to those in organometallic complexes, Chapter 5 introduces palladium atoms anchored on
exfoliated carbon nitride as a highly chemoselective alternative with broad functional group
tolerance, which demonstrates stability in flow. The remarkable activity is rationalized based
on the adaptive coordination of palladium atoms within the macroheterocycles of the carbon
nitride.
While it becomes clear that single atoms may not always be the preferred catalytic
site for many chemical transformations, the study of other atomically-dispersed species has
been limited to model systems prepared and investigated under high-vacuum conditions. By
exploiting the unique coordination chemistry of carbon nitride, Chapter 6 is the first attempt
to discriminate the geometry, electronic structure and reactivity of palladium atoms, dimers and
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trimers through the experimental and theoretical approaches established in this thesis. Catalytic
tests evidence application-dependent requirements of the active ensemble. Specifically, in the
semi-hydrogenation of alkynes, the nuclearity primarily impacts the activity, whereas both the
selectivity and stability are affected in Suzuki coupling.
Chapter 7 summarizes the key results of the research presented in this thesis, elaborates
on strategies for designing superior SAHCs, and suggests future directions for the topic.

Each chapter in this thesis was written based on one separate publication and can be read
independently. Accordingly, some minor overlap cannot be avoided.

Chapter 2
Stabilization of Metal Atoms on
Graphitic Carbon Nitride
2.1. Introduction
Single-atom heterogeneous catalysts receive considerable attention aiming to combine the
excellent metal utilization attained by homogeneous catalysts with the robustness and facile
recovery offered by traditional heterogeneous catalysts.

[7,8,15,25,49–51]

During the past decade,

the realization that single atoms could significantly contribute to the activity of heterogeneous
catalysts has sparked huge debate over the extent of their role.

[52–55]

These contentions primarily

arise due to the challenges associated with the effective stabilization of single atoms on a
given carrier and with verifying the single-atom nature. The latter architecture has been
obtained in isolated metals on inert metal matrices,
materials.

[14,56,57]

[39,49]

metal oxides

[15]

and porous carbon

Progress in this area has generated ample evidence to show that supported

single Pt, Ir and Pd atoms are active in the selective hydrogenation reactions of alkynes,
nitroarenes and alkenes.

[38,50]

Controlling the interaction of the metal species with the carrier is expected to be the
key to stabilize single atoms,

[58]

preventing agglomeration due to the increasing cohesive

energy upon forming metal species without diminishing the activity by changing the electronic
configuration. Therefore, only a flexible carrier that sufficiently interacts with the isolated
metal centers can circumvent this energy conundrum. Recently, single atoms of palladium were
successfully isolated on mesoporous graphitic carbon nitride (g-C3 N4 ),

[38,59]

which converted

1-hexyne to 1-hexene with high rates and 99% selectivity. Subsequently, an Ag@C3 N4 SAHC
also outperformed other state-of-art Ag-based materials in selective hydrogenations,
a Pt@g-C3 N4 SAHC exhibited remarkable photocatalytic activity.

[60]

[48]

while

Although these findings

have clearly demonstrated the potential of g-C3 N4 as a single-atom host, the method of metal
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introduction and the type and amount of metal incorporated differed in each case. Hence, it
remains difficult to derive synthesis-property relations for the improved design of SAHCs.
Graphitic carbon nitride is the most stable allotrope of carbon nitride under ambient
conditions.

[61,62]

Though the precise atomic structure is often debated, most experimental

studies have concluded that the polycondensation of common precursors as cyanamide or
dicyandiamide predominantly yields tri-s-triazine based structures,

[63–67]

which were also

predicted to be more thermodynamically stable by Density Functional Theory (DFT).

[68]

The

morphology of g-C3 N4 can be readily manipulated to develop high surface area. For example,
mesoporous g-C3 N4 (MCN) can be obtained through the use of different templates, while the
graphitic layers of bulk g-C3 N4 (BCN) can be exfoliated into nanosheets (ECN) by thermal
treatment. This aspect coupled with the presence of nitrogen-rich “six-fold interstices” between
tri-s-triazine units give the carrier unique potential to stabilize various metal species (i.e. as
single atoms, dimers, trimers, clusters or nanoparticles).

[38,46,48,60]

This poses the fundamental question: how versatile is g-C3 N4 as a single-atom host for
different metals? To investigate this, Chapter compares the introduction of five catalytic metals
(Pd, Ag, Ir, Pt and Au) into g-C3 N4 of distinct morphology (BCN, MCN and ECN) by direct

Figure 2.1. Direct synthesis (-D1, -D2) and post-synthesis (-P1) approaches to stabilize metal atoms
within g-C3 N4 , exemplified for the mesoporous MCN carrier. In the idealized location depicted, the
metal atom is coordinated by up to 6 nitrogen atoms within interstices defined by the packing of the
tri-s-triazine units.
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and post-synthetic routes (Figure 2.1). The carriers and the resulting SAHCs are characterized
in depth to elucidate the structure and porosity of the supports as well as the amount,
speciation, oxidation state and distribution of the metal incorporated. In particular, AC-STEM
is extensively applied to assess the single-atom dispersion and stability. DFT calculations and
kinetic Monte Carlo (KMC) simulations have been conducted to gain insight into the adsorption
and diffusion of the metals within the carriers. Finally, evaluation in the semi-hydrogenation
of 1-hexyne demonstrates the impact of the synthesis method and carrier morphology on the
performance of selected SAHCs.

2.2. Experimental
2.2.1. Catalyst Preparation
Carbon nitride synthesis: BCN was synthesized by calcining dicyandiamide (10 g) at 823 K
1
3
1
(2.3 K min ramp rate) for 4 h under a nitrogen flow (15 cm min ). To prepare MCN,
cyanamide (2.5 g) was added to an aqueous dispersion of SiO2 nanoparticles (6.25 g, 40 wt.%
solids, 12 nm average diameter) and the mixture was stirred for 6 h at 373 K to completely
evaporate the water. The resultant solids were then ground and calcined as described above
3

before removing the SiO2 by treatment with an aqueous solution of NH4 HF2 (4 M, 100 cm ) at
293 K for 48 h. The carrier was collected by filtration, washed thoroughly with distilled water
and ethanol and subsequently dried at 323 K under vacuum. ECN was obtained via the thermal
1
exfoliation of BCN (3 g) at 773 K (5 K min ramp rate) for 8 h in static air.
Metal incorporation: Different approaches were studied to incorporate metals (M = Pt, Ir,
Au, Pd and Ag) into the g-C3 N4 carriers (Figure 2.1). Two direct routes employed either a
soluble inorganic salt (coded D1, 10.5 mg H2 PtCl6 x H2 O, 15.4 mg K2 IrCl6 6H2 O or 8.3 mg
PdCl2 ) or an organic salt capable of copolymerizing with cyanamide (coded D2, 17 mg
K2 Pt(CN)4 x H2 O, 11.2 mg KAu(CN)2 , 19.3 mg K2 Pd(CN)4 x H2 O or 9.2 mg Ag(C4 N3 )) as
metal precursors. The latter were added to cyanamide or to the mixture of cyanamide and
colloidal silica in the synthesis of BCN or MCN, respectively. Post-synthetic metal introduction
was achieved by a sequential wet deposition-reduction approach (coded P1). The desired
3

carrier (1 g) was dispersed in H2 O (100 cm ) under sonication. Then, the metal precursor
(H2 PtCl6 x H2 O, K2 IrCl6 6H2 O or PdCl2 , 0.5 wt.% metal relative to the carrier) was added and
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the slurry was stirred in the dark at 293 K for 1 h. Afterwards, NaBH4 (1.4 cm , 0.5 M) was
added dropwise and stirred overnight. Finally, the solids were separated by filtration, washed
thoroughly with H2 O and ethanol, and dried overnight at 323 K. For the SuperSTEM studies,
a variant of this route (coded P2) was applied to obtain Ir@ECN-P2, ensuring a high metal
3

dispersion. ECN (400 mg) was dispersed in ethylene glycol (40 cm , pH = 8) under sonication
3

for 1 h. Then K2 IrCl6 6H2 O (0.36 cm , 4.7 mM in ethylene glycol) was added and the slurry
was agitated for another 0.5 h in the dark. The resulting suspensions were refluxed at 393 K
for 2 h. Finally, the products were isolated following the same protocol as P1.
2.2.2. Catalyst Characterization
Inductively coupled plasma-optical emission spectrometry (ICP-OES) was conducted
using a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. The
solids were dissolved in a piranha solution under sonication until the absence of visible
solids. Elemental analysis (C, H, N, O) was determined by infrared spectroscopy using
a LECO CHN-900 combustion furnace. Argon sorption was measured at 77 K in a
Micrometrics 3Flex instrument, after evacuation of the samples at 423 K for 10 h. The
surface area and pore size distributions were determined via the Brunauer–Emmett–Teller
(BET) and Barrett-Joyner-Halenda methods, respectively. X-ray photoelectron spectroscopy
(XPS) was performed 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
8
pressure = 5
10 Pa) at a pass energy of 46.95 eV. All spectra were referenced to

Ö

the C 1s peak of ternary carbon at 288.3 eV. Thermogravimetric analysis (TGA) was
performed in a Mettler Toledo TGA/DSC 1 Star system. The analysis was performed in air
3
1
1 13
(40 cm min ), heating the sample from 298 to 1173 K at a rate of 5 K min . C solid-state
cross-polarization/magic angle spinning nuclear magnetic resonance (CP/MAS NMR) spectra
were recorded on a Bruker AVANCE III HD NMR spectrometer at a magnetic field of 16.4 T
1

corresponding to a H Larmor frequency of 700.13 MHz. A 4 mm double resonance probe head
at a spinning speed of 10 kHz was used for all experiments. The

13

C spectra were acquired

using a cross polarization experiment with a contact time of 2 ms and a recycle delay of 1 s.
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A total of 64

Ö 10

3

scans were summed for each sample.
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1

C experiments used high-power H

decoupling during acquisition using a SPINAL-64 sequence. Powder X-ray diffraction (XRD)
was performed in a PANalytical X’Pert PRO-MPD diffractometer operated in Bragg Brentano
geometry using Ni-filtered Cu Kα (λ = 0.1541 nm) radiation. Data were recorded in the
`
`
range of 5-60 2θ with an angular step size of 0.05 and a counting time of 2 s per step.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed using a
Bruker Optics Vertex 70 spectrometer equipped with a high-temperature DRIFT cell (Harrick)
1
and an MCT detector. Spectra were recorded in the range of 4000–400 cm under N2 flow
1
and at room temperature by co-addition of 200 scans with a nominal resolution of 4 cm .
Samples for (scanning) transmission electron microscopy ((S)TEM) were prepared by dusting
respective BCN, MCN or ECN powders onto standard copper or nickel mesh holey carbon
support films (EMresolutions), Quantifoil or C-flat support grids. Conventional STEM imaging
and STEM energy dispersive X-ray spectroscopy (EDX) measurements were performed on a
Talos F200X instrument operated at 200 kV and equipped with an FEI SuperX detector.
Aberration-corrected scanning transmission electron microscopy (AC-STEM) was performed
using three microscopes: a FEI Titan, a NION UltraSTEM 100 and a NION UltraSTEM 100MC
’HERMES’.

[69–71]

The Titan with XFEG electron source and CEOS probe aberration corrector,

was operated at 300 kV with an illumination angle of 20.6 mrad and probe current of ca. 60 pA.
The SuperSTEM instruments were operated at 60 kV with an illumination angle of 30 mrad
and probe current of around 40 pA. STEM high angle annular dark field (HAADF) images
were acquired on all instruments with the inner angle of the detector chosen to minimize any
possible Bragg diffraction contrast and maximize overall image signal, and especially atomic
number (Z ) contrast between single atoms/clusters and the underlying support. As such, an
optimum inner angle was found to be between 30-50 mrad on the Titan and 86 mrad on
the SuperSTEM instruments. Typical per pixel dwell times were approximately 10 and 30 µs,
respectively, chosen as the best balance to achieve sufficient signal-to-noise for single-atom
visibility and to minimize atom movement during imaging. STEM-HAADF image contrast can
be considered as arising from predominantly incoherent scattering and so images formed with
this method may be more interpretable than phase-contrast TEM images. This is particularly
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useful for interpreting images from complex porous structures and for revealing single atoms,
such as studied here. Diffraction patterns were recorded with a defocused STEM probe, to
form near-parallel illumination and produce spot/ring patterns, akin to more conventional
selected area patterns. Elemental maps using energy-dispersive X-ray spectroscopy (EDXS)
were acquired on the FEI Talos F200X instrument operated at 200 kV and equipped with
an FEI SuperX detector. The degree of atomic dispersion was measured by quantifying the
nearest-neighbor distance of each atom and comparing the obtained distribution to that
expected for a random dispersion. The STEM-HAADF images were initially filtered using
a Laplacian-of-Gaussian filter to enhance the atom contrast. Gaussians were best-fitted to the
individual atom images and the centers of the Gaussians were used as the atom locations in
subsequent analyses. The areal density, λ, was calculated by summing the number of atoms
in a region of interest (ROI) and dividing by the corresponding area. If atoms are randomly
distributed on a plane, then the atom locations will be described by a Poisson random field.
The probability density functions (PDF) for the distribution of nearest-neighbor distances (r )
should then follow a Rayleigh distribution:
PDF r

[72]

2

2πλr exp πλr 

(2.1)
Ó

where the mean value of the distribution is given by 1©2 λ. Comparing the experimental
nearest-neighbor distances to the Rayleigh distribution provides a means by which to ascertain
the degree of clustering of the atoms with respect to a random scatter of points. In the present
case, all samples show a similar distribution to the random case, suggesting no preferential
clustering.
2.2.3. Catalyst Testing
The hydrogenation of 1-hexyne (Acros Organics, 98%) was conducted in a continuous-flow
flooded-bed microreactor (ThalesNano H-Cube ProTM), in which the liquid feed containing the
substrate (5 vol.%), toluene (Fischer Chemicals, 99.95%) and gaseous hydrogen (generated in
situ by Millipore water electrolysis) flows concurrently upward through a fixed bed of catalyst
particles (0.1 g in 0.12 g of silicon carbide, 0.2-0.4 mm diameter) in a cylindrical cartridge
(3.5 mm internal diameter). The reaction was conducted at various conditions of temperature
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3
1
3
1
(303-363 K) and total pressure (1-8 bar) with fixed liquid (1 cm min ) and H2 (36 cm min )

flow rates. The products were collected every 15 min after the reaction reached steady state
and analyzed offline using a gas chromatograph (HP-6890) equipped with a HP-5 capillary
column and a flame ionization detector. The conversion (X ) was determined from the amount
of reacted substrate divided by the amount of substrate at the reactor inlet. The selectivity (S )
to each product was quantified as the amount of the particular product divided by the amount
of reacted substrate. The reaction rate (r ) was expressed in moles of product per mole of Pd
and unit of time.
2.2.4. Density Functional Theory and Kinetic Monte Carlo (KMC) Simulations
The Vienna Ab initio simulation package

[73]

was employed to model the metal

atom distributions in the graphitic carbon nitride (g-C3 N4 ) systems, using the revised
Perdew-Burke-Ernzerhof functional.

[74]

employed to represent core electrons

The projector augmented wave (PAW) method was

[75,76]

and the valence was expanded in plane waves with

a cutoff energy of 450 eV. The C6 N8 (melon) moieties were built in a graphitic form and the
optimized interlayer structure is 3.5 Å. Four-layered slabs of the (0001) surface were built with

Ö

p(2 2) supercells (Figure 2.6a). The incorporation of metal atoms, precursors and dimers were
assessed on one side of the slab. Transition states were located by the climbing image-nudged
elastic band algorithm.

[77]

KMC simulations were performed using a custom made code.

[78]

The

elementary cell of the employed simulation lattice and possible pathways for the movement and
association of metal atoms inside the g-C3 N4 systems was developed based on the insights
(thermodynamics and barriers) for the elementary diffusion and reaction (dimerization) steps
obtained by DFT. The rate of each elementary process was approximated as:
r

∆E
kT
exp 
h
kT

(2.2)

where k, h and T are the Boltzmann and Planck constants and the system temperature, and
∆E is the corresponding energy barrier predicted by DFT. Simulations were carried out at
300 K with all surface sites occupied by metal atoms in the initial state. The total size of the

Ö

system in KMC simulations was 50 50 elementary cells.
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The role of the type of carrier was addressed by varying the metal concentration. The latter
was estimated by considering the targeted metal concentration (0.5 wt.%), the density of the
2
2 1
coordination sites (1/50 Å ), and the surface area of the catalyst (e.g. 155 m g for MCN). This
corresponds to ca. 3.5
atoms of 2.8

Ö 10

19

Ö 10

20

anchoring positions per gram of catalyst and a number of metal

, occupying ca. 8-10% of surface positions assuming all the metal is located

at the surface. Based on these values, further concentrations, equivalent to 100, 50 and 25%
coverage, were also investigated. Two initial configurations were considered; a homogeneous
3D distribution of metal atoms that would better mimic direct synthesis protocols, and an
inhomogeneous 2D distribution with all of the atoms at the external surface, representing the
post-synthetic approach. The role of the precursor was studied by comparing the adsorption of
PdCl2 and H2 PtCl6 using the methods described in the previous study.

[79]

2.3. Results and Discussion
2.3.1. Carrier Properties
Bulk, mesoporous and exfoliated g-C3 N4 carriers were prepared to examine the impact of the
carrier morphology on the metal stabilization. BCN was obtained by the direct polymerization
of dicyandiamide, MCN was synthesized by a similar approach exploiting colloidal silica as
a template and ECN was derived by the thermal delamination of BCN. The significantly
enhanced surface area of MCN and ECN with respect to BCN was evidenced by argon sorption
(Figure A.1), which also revealed a narrower pore size distribution in MCN compared to ECN.
Compared to BCN, which is virtually nonporous, MCN and ECN exhibit significantly higher
uptakes over the whole range of relative pressures, reflecting their enhanced mesopore surface
2 1
area (165 and 245 versus 7 m g , respectively) and associated pore volumes (Table A.1). A
prominent hysteresis loop, typical of connected spherical or cylinder mesopores, is observed
at p/p 0 = 0.5-0.9 for MCN, whereas ECN displays only minor hysteresis, consistent with
the presence of non-uniform slit shaped pores between the layered sheets. As seen in the
corresponding mesopore size distributions (Figure A.1, inset), MCN displays a pronounced
peak centered around 15 nm, whereas ECN shows a broad distribution from 3 to 30 nm.
The distinct morphologies of the resulting samples are visible in bright field (BF)-TEM
images (Figure 2.2). Consistent with the expected densification during the synthesis, BCN
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Figure 2.2. Bright field TEM images of the a) BCN, b) MCN and c) ECN carriers. The schematics
insets illustrate structural models.

(Figure 2.2a) is comprised of large irregularly shaped particles. In contrast, MCN (Figure 2.2b)
exhibits numerous spherical mesopores of approximately 12 nm diameter, reflecting the size and
geometry of the colloidal silica template. Comparatively, ECN (Figure 2.2c) displays smaller
less dense particles of rumpled sheet like morphology. These observations are supported by
additional HAADF-STEM images, while the observation of a clear diffraction ring characteristic
of graphite-like interlayer stacking confirms the partially crystalline nature in all cases
(Figure A.2). Additional diffraction rings can also be seen, but are significantly weaker and
more diffuse, characteristic of in-plane structural disorder.
XRD patterns confirm the similar crystalline structure in all the carriers (Figure A.3).
`
`
The reflections at 13.1 2θ (100) and 27.3 2θ (002) stem from the in-plane repeating
[63]

motifs and graphite-like interlayer stacking, respectively.
However, the lower intensity of
`
the most prominent reflection at 27.3 2θ observed for MCN and ECN indicates that the
introduction of mesoporosity was accompanied by an increased disorder in the g-C3 N4 layer
`
`
stacking. Furthermore, a shift of the (002) reflection from 27.3 to 28.0 2θ, reveals a slight
reduction in the interlayer distance (from 0.33 to 0.32 nm) in ECN, which can be attributed
to a planarization of the g-C3 N4 layers during the thermal oxidation etching process.

[80] 13

C

solid-state CP/MAS NMR spectroscopy further demonstrate the similarity of the chemical
structures. The two main signals at 164 and 157 ppm are attributed to CN2 (NHx ) and CN3
moieties, respectively.

[81]

The molar C:N ratios determined by elemental analysis (around 0.66, Table A.1) are similar
to the formula of the ‘melon’ form of graphitic carbon nitride form reported by Lotsch et al.

[81]
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Note that some variation from the ideal formula ‘C3 N4 ’can be expected due to the relatively low
crystallinity of the samples investigated, though for simplicity we still refer generally to ‘g-C3 N4 ’.
In fact, hydrogen contents varying from 1.1 to 2.0 wt.% have been reported depending on the
synthesis protocol.

[82]

In comparison to BCN, the increased hydrogen and oxygen content in

ECN are due to more exposed NHx groups and to the oxidation of g-C3 N4 during the thermal
etching process. Similarly, higher defect concentrations in the case of MCN result from the
presence of the template, which can disrupt the polymerization process and requires further
aqueous workup steps for its removal.
The atomic structure of the carriers was further investigated by XPS in Figure A.3. A
single broad contribution in the C 1s spectra at 288.3 eV, corresponds to the CN3 bonds in the
tri-s-triazine rings. Comparatively, the N 1s spectra can be deconvoluted into three main peaks
at 398.7 eV (ring nitrogen, C-N=C), 399.8 eV (tertiary nitrogen, NC3 ) and 400.9 eV (NHx
groups). The observation of tertiary nitrogen groups and the C-N=C/NC3 ratio of around 6
in all the carriers, are fully consistent with a structure based on tri-s-triazine as the main
repeating unit.

[83]

Compared to BCN, the slightly higher NHx /NC3 ratio (1.6 versus 1.7) for

ECN together with the higher hydrogen content evidenced by elemental analysis, point towards
the exposure of more surface NHx groups upon thermal exfoliation. The slightly lower ratio of
1.5 for MCN can be attributed to the partial substitution of surface NHx groups with oxygen
containing groups, in agreement with the higher oxygen content of this sample.
Additionally, TGA profiles evidence a slightly decreased thermal stability for MCN
(Figure A.3), confirming the reduced structural order in this sample. In general, all the g-C3 N4
carriers exhibit high thermal stability up to 773 K, making them very promising carriers for
single-atom catalysis. Analysis by DRIFTS (Figure A.3) confirms the existence of condensed
[81]
1
aromatic CN heterocycles.
The band at 816 cm coincides with the deformation vibrations
1
of the tri-s-triazine ring, while those at 1278, 1343 and 1502 cm are attributed to the
1
aromatic C-N heterocyclic stretching and those at 1594 and 1718 cm to C=N stretching.
1
The broad bands between 3000 and 3300 cm are related to the uncondensed terminal NHx
1
stretching. Another band at 2173 cm in MCN (and weakly present in ECN and BCN) can be
assigned to poorly-polymerized cyano groups (CN) or cumulated double bonds (N=C=N).

[84–86]
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Nonetheless, MCN and ECN exhibit more structural defects than BCN (for example exposed
NHx and oxygen-containing groups or poorly polymerized cyano groups), which could impact
the effective stabilization of metal centers in these carriers.
2.3.2. Metal Stabilization
To study the versatility of g-C3 N4 as a single-atom host, five metals (Pd, Ag, Ir, Pt and Au)
were introduced into the carriers by direct and post-synthetic routes, targeting a metal loading
of 0.5 wt.%. Herein, a distinction in direct approaches is made between the use of inorganic metal
salts (coded-D1) and organic metal salts containing a group that can be copolymerized with the
applied g-C3 N4 precursors (coded-D2). Alternatively, the metals were introduced by the post
synthetic wet deposition coupled with a separate reduction step (coded-P1). The latter method
enabled the highest control over the metal content, which was close to the targeted amount
in all cases. Comparatively, larger deviations in the metal loading were observed for samples
prepared by direct methods due to the reduced control over the polymer yield (Table A.2).
The absence of reflections associated with metal phases in the XRD patterns suggests a high
dispersion, except in the case of Au@MCN-D2 for which reflections corresponding to the metal
`
`
phase were clearly identified, where the peaks indicated by the arrows at 38.2 and 44.4 2θ are
assigned to the (111) and (220) lattice planes, respectively (Figure A.4).
To identify the presence of single metal atoms, dimers, clusters or nanoparticles, the samples
were examined by STEM. The influence of the carrier morphology was studied by comparing the
post-synthetic introduction of metals. Isolated metal atoms were observed in all of the catalysts,
but coexisted with nanoparticles in some cases as summarized in Table A.2. For example, Pt
nanoparticles were observed in all samples prepared by wet deposition, and the size and amount
varied with the carrier morphology (Figure 2.3a-c). Specifically, Pt@BCN-P1 exhibited a high
number of large aggregated nanoparticles up to approximately 20 nm in diameter, whereas
smaller nanoparticles (1 nm in diameter) were observed in Pt@ECN-P1 and Pt@MCN-P1 and
were less prevalent in the latter sample. In comparison, the post-synthetic method led to a
much better metal dispersion in the case of Pd and Ir (Figure A.5 and A.6). Exceptionally, no
nanoparticles were found in Ir@MCN-P1 and very few nanoparticles were found in Ir@ECN-P1
or Ir@BCN-P1. The increased formation of nanoparticles in the case of BCN is unsurprising
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given the low surface area and dense nature of this carrier. The enhanced metal incorporation
observed for MCN with respect to ECN possibly relates to the higher defect concentration
evidenced in the former carrier, as apart from the coordination sites in the lattice, structural
defects are also believed to promote the anchoring of single atoms.

[36,87–90]

Due to the higher dispersion achieved upon increasing the mesoporosity of the sample, the
impact of the synthesis approach was studied on this carrier. Unlike the post-synthetic approach,
atomic dispersions were attained for Pt via direct approaches, as highlighted for Pt@MCN-D1
(Figure 2.3d) where the high atomic number metal atoms are readily visible as bright dots on
the low atomic number MCN support. In fact, the copolymerization approach uniquely enabled
the introduction of up to 1.4 wt.% single Pt atoms on g-C3 N4 , which is one of the highest metal
loadings reported with single-atom dispersion to date.

[91–94]

Similarly, high dispersions were

attained for the Pd- and Ag-containing samples (Figure A.7), although a few nanoparticles
were observed in Pd@MCN-D1. This is consistent with earlier findings

[48]

that no nanoparticles

were observed even when 6 wt.% Ag was incorporated into g-C3 N4 by copolymerization. Thus,

Figure 2.3. HAADF-STEM images of a) Pt@MCN-P1, b) Pt@ECN-P1, c) Pt@BCN-P1 and
d) Pt@MCN-D1, e) corresponding nearest neighbor (NN) distances of the Pt atoms in Pt@MCN-D1,
compared to those expected for a random distribution of points in the same area (red line), f ) EDX
elemental map of N (blue) and Pt (green) for Pt@MCN-D1. The arrows in a) indicate nanoparticles,
which are also clearly seen in b) and c).
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copolymerization appears to be the most efficient strategy to achieve a high metal loading with
100% single-atom dispersion, while wet deposition leads to the highest tendency of nanoparticle
formation. AC-STEM-HAADF images, with atomic number contrast, revealed that single Pd,
Ag, Ir and Pt atoms were well dispersed across the MCN samples, as shown in Figures A.5,
A.7 and A.8.
The dispersion of the atoms may be characterized through quantitative analysis of the atom
positions. A histogram of the nearest neighbor (NN) distances measured for Pt@MCN-D1 is
shown in Figure 2.3e. The corresponding red curve is the calculated NN distance distribution
assuming a random dispersion of atoms on the support surface and using the measured metal
atom areal density. The good match between the experimental NN distance histograms and
the calculated Rayleigh distributions

[72]

indicates that the atoms are generally dispersed in a

random fashion, with little evidence for significant clustering. Similar curves are seen for the
other systems studied carrier in Figure A.9. While regions of well-dispersed single atoms were
identified in all of the samples, AC-STEM-HAADF imaging evidenced some metal dimers with
atom-atom spacings (ca. 0.25 nm) significantly smaller than the mean NN distance (Figure A.9).
Although this is not definitive proof of dimerization, it is highly suggestive of their presence. In
the AC-STEM-HAADF images from Pt@MCN-P1 and Pd@MCN-P1, as well as well-dispersed
single Pt and Pd atoms, crystalline nanoparticles (2-5 nm in size) were found in addition to
subnanometer atom clusters (Figure A.8). Although the current density used was kept relatively
low, there is no doubt that the energy imparted by the 300 kV electron beam to the individual
metal atom species (ca. 4 eV) may be sufficient to displace some of the metal atoms whilst
imaging. This can lead to image artefacts (metal atom ‘streaking’) and to recording atoms
twice, or not at all, when displaced from their point of origin to a new site. In addition,
the three-dimensional structure of the supports means that two well-separated metal atoms
at different heights may appear very close in projection. The relatively low atomic number of
g-C3 N4 means that it is likely to undergo some beam damage and possible atom rearrangement.
Confirmation of the uniform distribution of the metal over the MCN carrier was obtained by
EDX mapping (Figure 2.3f and A.10). Note the clear observation of the Pt nanoparticles in
Pt@MCN-P1 around the edges of the support.
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Figure 2.4. ‘Gentle STEM’ analysis of a model Ir SAHC. a) Atomically resolved HAADF-STEM
image showing Ir atoms distributed across the ECN support, b) simultaneous HAADF-STEM and c)
BF images of the boxed region in a). The inset in c) is a local Fourier transform taken from the lower
left hand region of the image. These images are a sum of 50 frames acquired rapidly over approximately
50 s and summed to produce images with high contrast and clarity. The very bright dot in b) is a
single Ir atom anchored on a g-C3 N4 raft.

To further investigate the isolation of metal atoms in g-C3 N4 , a model sample (Ir@ECN-P2)
was prepared by simultaneous solvent-assisted reduction in ethylene glycol and analyzed using
a dedicated aberration-corrected ‘gentle’ STEM. This allowed a more detailed assessment of
the metal atom location and the underlying ECN support. A number of single Ir atoms can
be observed (Figure 2.4a), the low metal loading (0.02 wt.%) ensuring the relative isolation of
the atoms. Analysis at higher magnification (Figure 2.4b) evidences rafts of dots of triangular

Ö

nature that are reminiscent of the 3 3 triangular arrays expected from the idealized packing of
tri-s-triazine. The BF image (Figure 2.4c) shows the same arrangement of atoms, but the phase
contrast reveals more dramatically the underlying structural complexity of the ECN carrier. A
Fourier transform of the BF image confirms the local crystalline order.
Further insight into the interaction of the metal species with the g-C3 N4 carriers was
obtained by XPS. Comparison of the XPS spectra of Pt- (Figure 2.5a), Ir- (Figure 2.5b) and Pd(Figure 2.5c) MCN samples reveals a clear impact of the synthesis route, with direct approaches
leading to the largest shifts to higher binding energies than that of the corresponding metal in all
δ+

cases. For example, the Pt 4f 7/2 peaks located at 73.6 eV evidence the presence of cationic Pt
(2

$ δ $ 4) in Pt@MCN-D1. [26,27] On the other hand, the Pt 4f 7/2 peaks centered at 70.6 eV
0

2+

and 72.8 eV in Pt@MCN-P1, indicate a mixed valence state of Pt and Pt . This finding
agrees with the microscopy observations of both single atoms and nanoparticles in the latter
sample. Comparatively, Ir

4+

species (Ir 4f 7/2 peak at 63.2 eV) are identified in Ir@MCN-D1,
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while Ir@MCN-P1 displays a single Ir 4f 7/2 peak at 62.5 eV, which is also much higher than
that of metallic Ir (60.9 eV).

[95]

This confirms that Ir species introduced post-synthetically are

reduced to a certain degree upon treatment with NaBH4 and partially coordinated to N in the
g-C3 N4 network. Similarly, Pd@MCN-D1 exhibits a higher proportion of Pd

4+

(338.7 eV) than

Pd@MCN-P1 and no metallic Pd (334.9 eV) was evidenced in either sample.
These results demonstrate the strong interaction of the metal species with the N atoms in
the carrier. The cationic nature of Pt and Pd upon isolation in g-C3 N4 agrees with the calculated
Bader charges (Table A.3) and the DFT calculated shifts for Pt (∆BE = 0.82 eV, Table A.4).
DFT simulations hint that isolated atoms on surface, subsurface positions and with adsorbed
hydrogen might be responsible for the peak observed at low binding energies (70.6 eV) in the
4f 7/2 XPS spectra of Pt@MCN-P1. Previous studies for atoms on highly oriented pyrolytic
graphite (HOPG) suggested that the isolated atom value is around 68 eV (shift of 2 eV with
respect to Pt(111)),

[96]

our calculated shift is ∆BE = 1.2 eV for isolated atoms. Although the

Figure 2.5. Comparison of the a) Pt 4f, b) Ir 4f and c) Pd 3d core level XPS spectra. The dashed
gray lines show the result of fitting the raw data (black symbols), whereas the lines corresponding
to the individual peaks are colored according to the strength of the metal-carrier interaction, varying
from green (strongest) to orange to pink (weakest). The blue lines indicate the background applied.
The gray dashed lines in a-c) indicate the position of metallic species, d) the XPS depth profile
analysis of Pd 3d via Ar sputtering at various depths (0-30 nm).
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bathochromic shift of the binding energy could also reflect the formation of small nanoparticles,
based on the abundant presence of single atoms evidenced by microscopy this should not have
a significant contribution.

[96]

2.3.3. Density Functional Theory and Kinetic Monte Carlo Simulations
DFT and KMC simulations were undertaken to gain further understanding into the
energetics of adsorption and diffusion of different metals on g-C3 N4 . Here, this is exemplified
for Pd and Pt representing two extreme cases. DFT calculations identified four metastable
positions of isolated metal atoms (denoted as s, u, v and w, respectively) above and below
the interstices between the tri-s-triazine units in the top layers of g-C3 N4 (Figure 2.6a). In
the simulations, metal atoms could move between these positions following the paths shown
in Figure 2.6b. Metal atoms could also diffuse between neighboring s positions on the external
surface. Additionally, similar paths are expected deeper in the material, so the findings are
also relevant for bulk g-C3 N4 layers. According to the calculated energy profiles, Pt2u dimers
and Pd atoms in u positions are expected to be most stable in g-C3 N4 . Figure 2.6c shows the
corresponding energy profiles for the translocation of Pt and Pd atoms along these paths. In
the case of Pt, the lower barriers for diffusion from u

 v and v  w than for the reverse paths

favor the sorption of metal atoms into the bulk. Contrarily, Pd atoms preferentially locate close
to the surface in u positions.
DFT calculations further reveal two stable positions of metal dimers, shown in Figure 2.6d,e.
In the first case, one atom sits in an s site and the other is externally bonded to it. Such
dimers (denoted Pt2s or Pd2s ) form by association of pairs of metal atoms from neighboring s
positions. Dimers of the second type (denoted Pt2u or Pd2u ) are located deeper in the surface
layer and form by association of pairs of atoms from neighboring u and v positions. Note a visible
reorganization of nearby C and N atoms around such subsurface dimers. The DFT-calculated
energy profiles in Figure 2.6f summarize the association and decomposition of metal dimers.
In the case of Pt, the formation of dimers of both types is favorable and for Pt2u it occurs
without any visible energy barrier. However, considering that the diffusion energies of Pt atoms
do not favor their presence in s positions, only Pt2u dimers are expected. In the case of Pd,
only Pd2s dimers are stable, as Pd2u dissociate into pairs of atoms in u and v positions without
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any significant energy barrier. However, due to the small energy barrier for the translocation
of Pd atoms from s to u positions, the formation of Pd2s is unlikely.
To support these conclusions, KMC simulations were undertaken with the model
including the described pathways for metal diffusion, association and dimer decomposition
(Figure 2.7a-d), identifying the variation in the fraction of different isolated atoms and dimers
as a function of time. In the case of platinum, all metal atoms move almost instantly into
u positions from s positions, irrespective of their initial positions. From there they start
to associate into Pt2u dimers and the kinetic curves demonstrate that this process occurs
simultaneously to the translocation of metal atoms from u to v positions, necessary to access
the Ptu + Ptv

 Pt

2u

association path. Most Pt atoms associate into dimers within 1 s, while

Figure 2.6. a) DFT optimized incorporation of metal atoms in g-C3 N4 (red - M, white - C, blue - N),
showing the four identified equilibrium positions of metal atoms. Two are located slightly above (s) and
below (u) the six-fold cavities between the tri-s-triazine units in the surface g-C3 N4 layer, and another
two are found above (v) and below (w) the six-fold cavities in the subsurface g-C3 N4 layer. Some C
and N atoms have been hidden to facilitate visualization of the metal. b) Identified transition paths
of metal atoms inside the surface and subsurface layers of g-C3 N4 , c) corresponding energy profiles
for translocation of Pt and Pd atoms along these paths, d,e) identified equilibrium positions of metal
dimers above d) and below e) the surface layer of g-C3 N4 , f ) energy profiles for the association of
metal dimers and their decomposition into pairs of atoms located in neighboring s+s, s*+u or u+v
positions (s* denotes s sites occupied by hydrogenated, thus, immobile metal atoms or dimers).
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a small fraction remain in positions v and w. As the model does not consider any further
translocation of atoms below w positions, all the atoms eventually associate into dimers. In
reality, some atoms would be expected to adsorb deeper into the bulk of the carrier. In the
case of Pd, no dimer formation is predicted. All metal atoms move from s to u positions almost
instantly, where they remain. After around 1 s some atoms also move into subsurface u and v
positions.
To investigate the role of the carrier morphology, the initial metal concentration was varied
to reflect the relative surface concentrations expected due to the difference in surface area
(almost 20 fold) between the carriers (Figures A.11 and A.12). In agreement with experimental
observations, the results confirm that increased local surface concentrations would promote
dimer formation and thus the stabilization of single atoms would be preferred in mesoporous
materials with high surface areas as ECN or MCN. The varying capacity of different metal
atoms to form dimers is an important design tool, since this will precede the formation of
nanoparticles. However, the processes leading to the formation of the latter are difficult to
introduce in the simulations.

[97]

Potential differences in the direct and post-synthetic methodologies were also analyzed by
varying the initial metal distributions in the simulations, placing the atoms all over the material
(Figure 2.7b,d) or at one surface (Figure 2.7a,c), respectively. Significant dimerization was
observed for Pt in both cases, while Pd mostly remained as single atoms. However, post synthetic
approaches have drawbacks in the isolation of single atoms as the local surface concentration
might be very high, promoting aggregation. Direct methodologies are better suited for this
purpose, but the entrapment of the metal within the carrier may decrease the atom efficiency,
in agreement with the catalytic tests (vide infra). The metal precursor can also be expected to
play an important role as the adhesion of the precursor to the surface might be different as we
have illustrated by the adsorption of the different precursors to the voids in the C3 N4 polymers.
Comparison of the adsorption energies of the PdCl2 and H2 PtCl6 precursors applied in this
study reveals significantly different values of 1.28 and 1.85 eV, respectively. The stabilization of
single atoms could also be strongly reinforced by the reduction of the metal precursors. When
the KMC simulations are rerun including one H atom bound to a N atom in g-C3 N4 and a
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Figure 2.7. KMC simulations at 300 K comparing the weight distribution (WD) of different a,b)
Pt and c,d) Pd species with time. In the first simulations a,c), all s sites are occupied by atoms in
the initial state, which are free to move during the simulation, other sites are vacant. In the second
simulations b,d) the same amount of atoms is initially distributed uniformly between all sites. KMC
simulations illustrating the impact of hydrogen on the stabilization of e) Pt and f ) Pd atoms in
g-C3 N4 . In all cases 50% of the atoms are hydrogenated in the initial state and thus fixed in their
positions, while 50% are free to move. The metal distribution in the initial state only occupies the
s-sites.

second H atom connected to the metal atom in the form of a hydride (Figure 2.7e,f and A.13,
while the idealized structure model is shown in Figure A.14), the number of dimers decreases
considerably for both Pd and Pt. Thus, the preparation of SAHCs based on g-C3 N4 could be
assisted by the reduction agent to yield isolated atoms on the surface. Note that the generation
of hydride metal species at the external surface may be promoted by using strong reducing
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agents as borohydrides. However, high local concentrations of reduced metal atoms may also
promote nanoparticle formation.
Finally, the formation energy of different species of all the metals studied are summarized
in Table A.5. The energies are calculated with respect to isolated metal atoms in the gas-phase
and on the surface of the carriers and compared to those determined for dimerization (which
are close to literature values).

[98]

In particular, it is notable that Pd and Ag are less prone to

dimer formation in the gas phase and this behavior is retained on g-C3 N4 as a result of the
relatively tunable interaction between the matrix and the metal. Comparatively, the formation
of Ir dimers is energetically favorable, but the formation energy of surface and subsurface
atoms on g-C3 N4 is also high. This finding along with the aforementioned propensity for Pt
dimerization revealed by DFT and KMC are consistent with the AC-STEM observations, where
evidence for dimers were seen in both systems (Figure A.5). Notice, that the closed-shell nature
of the isolated atoms and dimers can affect the reactivity of these materials. Furthermore, the
calculated energies suggest that the stability of metal atoms or dimers alone cannot explain
the observed experimental behaviors. Other factors such as the synthesis protocol and defect
structure likely play a role in the stabilization of single atoms in the g-C3 N4 compounds, as
illustrated by the significant impact observed in the presence of low concentrations of hydrogen
atoms.
2.3.4. Catalytic Performance
To study the impact of the synthetic approach on the performance, selected SAHCs were
evaluated in the continuous-flow semi-hydrogenation of 1-hexyne. The catalytic tests focused
on the Pd containing samples as the most efficient metal for this reaction. Interestingly, despite
exhibiting a comparable metal content and speciation (Table A.2), Pd@MCN-P1 exhibits
a significantly higher activity than Pd@MCN-D1 or Pd@MCN-D2 (Figure 2.8 and A.15).
For example, at 303 K and 1 bar the reaction rate over Pd@MCN-P1 was 4 times that of
Pd@MCN-D1 and 6 times that of Pd@MCN-D2. Comparatively, the SAHCs synthesized by
direct approaches demonstrated an excellent intrinsic selectivity (around 100%), while the
sample prepared by post-synthetic methods were slightly less selective (e.g. 90-100%) also
yielding small amounts of over hydrogenated products (Figure A.16).
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1 h1 ) at different
temperature and total pressure over a) Pd@BCN-P1; b) Pd@MCN-0.5-P1, c) Pd@MCN-P1,
d) Pd@BCN-D2, e) Pd@MCN-D1 and f ) Pd@MCN-D2. Reaction conditions: W cat = 0.1 g, F L (13
1
3
1
hexyne + toluene) = 1 cm min and F G (H2 ) = 36 cm min . The contour maps were obtained
through spline interpolation of 14 experimental points.
3

Figure 2.8. Reaction rate of 1-hexyne hydrogenation (in 10 mol1-hexene molPd

Consistent with the findings of the theoretical simulations, the improved activity of
Pd@MCN-P1 is tentatively ascribed to the enhanced fraction of accessible metal sites located at
the carrier surface endowed by the post-synthetic route in contrast to the more homogeneous
3D dispersion obtained by direct synthesis. This is further supported by depth-profiling the
compositional variation by XPS coupled with ion etching (Figure 2.5d), which revealed a surface
Pd content of Pd@MCN-P1 over double that of Pd@MCN-D1 or Pd@MCN-D2. All samples
showed an increased concentration upon removal of the surface layers, tending towards 0.4 at.%,
but this valued was reached at a depth of ca. 5 nm in Pt@MCN-P1 compared to ca. 30 nm
in Pd@MCN-D1 and Pd@MCN-D2. In addition to the reduced accessibility of the metal, the
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stronger interaction with the carrier in the samples obtained by direct routes could also play a
role, the charge transfer making the metal atoms inert.
Considering the effect of the carrier morphology, Pd@BCN-P1 and Pd@BCN-D2 exhibit
comparable activity to Pd@MCN-P1. This is unsurprising since although both samples based
on bulk g-C3 N4 display very low surface areas, the microscopy observations (vide supra)
demonstrated the presence of abundant Pd nanoparticles, which likely originate the activity
of these catalysts. Nonetheless, a superior selectivity is still observed over Pd@BCN-D2
with respect to Pd@BCN-P1, indicating subtle differences in the metal speciation between
the samples which are difficult to quantify based on visualization alone. As an additional
2 1
reference, a mesoporous carrier with roughly half the surface area (S BET = 125 m g ) was
synthesized and Pd was introduced post-synthetically (coded Pd@MCN-0.5-P1). Interestingly,
despite presenting both nanoparticles and single atoms, this sample exhibited reduced activity
with respect to both Pd@BCN-P1 and Pd@MCN-P1. These observations suggest a tight
interplay between mesopore surface area, nanoparticle formation and the amount of single atoms
accessible on the external surface of the catalysts. Clearly, tailoring the metal dispersion and
the strength of the interaction with the carrier pose urgent challenges in the design of effective
SAHCs. In this direction, new strategies to isolate active metal species at the carrier surface
while preserving an exceptionally high stability should be pursued. Similarly, the preparation
of carriers with tailored, particularly, N-deficient coordination sites is investigated in Chapter 3
and the effect of lattice structure on the properties of single atoms is presented in Chapter 4.
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2.4. Conclusions
This chapter examined the impact of the carrier morphology, synthesis method and metal
identity on the versatility of g-C3 N4 as a carrier in the preparation of SAHCs. The isolation
of metal atoms was favored by enhancing the external surface area of the carrier, while defects
were also found to play an important role. Direct approaches exploiting copolymerizable
metal precursors, attained the widest flexibility in the incorporation of different metals.
Comparatively, increased control over the metal content and higher number of accessible active
sites were attained by the post-synthetic introduction. This resulted in higher reaction rates in
the semi-hydrogenation of 1-hexyne. Simulations of the adsorption, stabilization and diffusion of
the metals, established the stable location close to the six-fold interstices between tri-s-triazine
units composing the g-C3 N4 layers and confirmed the varied accessibility of the metal sites
arising from the different strategies. The findings provide unique insights for the design of
SAHCs based on g-C3 N4 , paving the way to maximize the atom efficiency in a spectrum of
catalytic applications.

Chapter 3
Single-Atom Catalysts based on
Carbon Nitrides of Tailored
Composition
3.1. Introduction
Catalytic processes remain heavily reliant on precious metals due to their unparalleled
active, selective and stable character. The development of catalysts based on single atoms is of
great interest for the efficient utilization of these metals.

[7,8,15,49,59]

Compared to state-of-the-art

nanoparticle-based catalysts, which only expose a small fraction of surface atoms that can
contribute to the activity, achieving a metal dispersion (defined as the number of surface
atoms/total number of atoms) of unity is critical to maximise the catalytic efficiency per
atom and reduce the amount of metal required. Enhanced performance has been observed over
SAHCs in several relevant processes including hydrogenation,
shift reactions.

[24,100]

[49]

oxidation

[99]

and water–gas

However, the fabrication of SAHCs is a major challenge because of the

tendency of atoms to aggregate into clusters and nanoparticles.

[56,101]

For this reason, the use

of a carrier which provides abundant well defined anchoring sites that can strongly bind metal
atoms plays a crucial role in their stabilization.

[26,40,102,103]

One material that exhibits a highly attractive set of features as a sustainable carrier is
graphitic carbon nitride (g-C3 N4 ), which can robustly coordinate metal species within sixfold
coordination sites in the lattice.

[104]

The presence of these small, nitrogen-rich crystallographic

interstices provides a stability unmatched by the broad related family of N-doped carbons.
As well as having demonstrated scalability and being composed of inexpensive, nontoxic
and earth-abundant elements, g-C3 N4 possesses high chemical and thermal stability and can
be prepared with flexible morphology and surface area. Besides, the composition can be
easily tuned by using other heteroatom sources.

[105]

Chapter 2 showed that various metals,
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including Pd, Pt, Ir and Ag, have been successfully stabilized as single atoms on this
carrier.

[106]

The catalytic superiority of Pd@g-C3 N4 SAHCs has been evidenced in selective

hydrogenation reactions, central to the production of many fine chemical and pharmaceutical
intermediates, offering a more ecological alternative to classical Lindlar-like catalysts that
contain high amounts of precious metals and require the use of harmful additives such as
lead.

[107]

Atomically-dispersed silver on g-C3 N4 also out-performed other relevant Ag-based

selective hydrogenation catalysts,

[48]

while single-atom platinum catalysts exhibited remarkable

photocatalytic hydrogen evolution activity.

[60]

Analogous to the effects widely discussed for catalysts based on deposited metal
nanoparticles,

[108–110]

the interaction with the carrier determines the stability and further

impacts the electronic properties of metal atoms.

[109,110]

However, only very few attempts have

been made to modify the carrier structure and correlate the impact on the metal binding
strength and performance of SAHCs, which is the aim of this Chapter and Chapter 4.

[39,55,58]

The

effect of the carrier on the electronic properties of SAHCs is difficult to assess. Experimentally,
this is most commonly probed by XPS, fitting the observed signals to species with different
oxidation states assuming that the shifts are only related to charge-transfer effects. However,
other factors can also affect the peak position including the reduction of the coordination
number (from a bulk material to a single atom), the extent of covalency and the presence
of electric fields. In turn, theoretical models typically compute charges through a Bader-type
analysis

[96]

and they are always lower than the formal ones. In relation to SAHCs, theoretical

studies have revealed that some charge transfer and electron sharing occurs when a metal is
atomically dispersed on a carrier, and these are mapped to the ‘high-valent metal species’
assigned by XPS.

[26,38]

However, this does not reflect the marginal differences in the calculated

Bader charges and, in general, XPS low-valent metal species correspond to surface atoms and
high-valent ones to isolated metals buried in the bulk of g-C3 N4 . Pt, Ir, Pd and Ag were all
shown to have a slight positive charge when isolated on g-C3 N4 .

[106]

For other polar carriers

this assignment is easier, for example as Pt replaces Fe cations on the surface of Fe2 O3 the
resulting substitutional impurities carry considerable positive charges, which was linked to the
remarkable CO oxidation activity of this catalyst.

[15]

Similarly, Pt was predicted to be trapped
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Figure 3.1. a) Steps in the polymerization of the stoichiometric and C-doped g-C3 N4 and
b) subsequent introduction of palladium by microwave-irradiation-assisted metal deposition.
Additional carbon atoms in the modified lattice are highlighted by a purple glow. Yellow shaded
areas connect nitrogen atoms within the coordination sites.
2+

as Pt

on (100) nanofacets of CeO2 and was detected as Pt

Bader charges were not shown).

[111]

2+

4+

and Pt

(the corresponding

On the other hand, Au atoms located at the top sites of
-

Pd55 nanoclusters were predicted to be negatively charged (0.11 ¶e ¶).

[112]

To gain insight into the role of the support, this Chapter studies the effect of modifying
the C/N ratio of g-C3 N4 on the stabilization, electronic properties and associated catalytic
performance of palladium. For this purpose, a series of carbon-doped carriers were prepared
by copolymerizing the conventional cyanamide precursor with different amounts of barbituric
acid (BA)

[113,114]

or 2,4,6-triaminopyrimidine (TAP)

[115,116]

(Figure 3.1). To assess the effect

of the surface area, the C-doped materials were prepared in bulk and mesoporous forms. In
view of the widely-cited benefits in terms of enhanced size control and uniform dispersion,
the introduction of palladium is subsequently approached via microwave-irradiation-assisted
deposition. Characterization by multiple techniques confirms the gradual increase C/N ratio
of the carriers, which has a strong impact on the surface area, crystal size, thermal stability
and basic properties, and as a result, the ability to adsorb and stabilize single metal atoms.
The latter was evaluated based on metal-carrier charge transfer, dispersion and areal density of
the metal. Density Functional Theory calculations support the decreased adsorption energy
of palladium in the C-doped lattice and highlight the potentially significant impact of
oxygen-containing defects. To determine the influence on the catalytic efficiency, the resulting
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SAHCs were subsequently evaluated in the continuous-flow three-phased semi-hydrogenation of
2-methyl-3-butyl-2-ol, an important reaction in fine chemical and pharmaceutical manufacture.

3.2. Experimental
3.2.1. Catalyst Preparation
Bulk carbon nitride (BCN) was prepared by calcining dicyandiamide (10 g) at 823 K
1
3
1
for 4 h (2.3 K min ramp rate) under a nitrogen flow (15 cm min ). Mesoporous carbon
nitride (MCN) was prepared by adding cyanamide (2.5 g) to an aqueous dispersion of SiO2
particles (40 wt.%, 12 nm diameter, Ludox HS-40) with an SiO2 :cynamide mass ratio of 1, and
the mixture was stirred at 373 K until the water had completely evaporated. The resulting
solids were ground with a mortar and pestle and then calcined as described for BCN. The
silica template was subsequently removed by treating the resulting brown–yellow powder in
3
1
an aqueous solution of NH4 HF2 (4 M, 40 cm gSiO2 ) for 48 h. The template-free MCN
was then filtered, washed thoroughly with distilled water and ethanol and dried at 333 K
overnight. Bulk (coded BCN–BA-z ) and mesoporous (coded MCN–BA-z and MCN–TAP-z )
C-doped materials were prepared by copolymerization of cyanamide with barbituric acid (BA)
or 2,4,6-triaminopyrimidine (TAP) in varying mass ratios (z = 0.02, 0.2 or 0.9) following the
procedures described above. For reference, BA and TAP were carbonized in pure form (6 g) by
calcination under the same conditions resulting in bulk BBA and BTAP materials.
The incorporation of palladium into the carriers was approached by postsynthetic
microwave-irradiation-assisted deposition. The carrier (0.5 g) was firstly dispersed in H2 O
3

(20 cm ) with the assistance of sonication. Then, a solution of Pd(NH3 )4 (NO3 )2 containing
5 wt.% Pd (50 µL) was added, targeting a metal loading of 0.5 wt.% relative to the carriers.
The resulting solution was then placed in a microwave reactor (CEM Discover SP), applying
a cyclic program of 15 s irradiation and 3 min cooling with 20 repetitions using a power of
100 W. The resulting powder was washed with distilled water and ethanol and dried at 333 K
overnight.
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3.2.2. Catalyst Characterization
Elemental analysis, ICP-OES, CP/MAS NMR, DRIFTS and XPS were performed as
described in Chapter 2. All XPS spectra were referenced to the N 1s peak of the ring nitrogen
at 398.6 eV. Nitrogen sorption was measured at 77 K in a Micrometrics 3Flex instrument,
after evacuation of the samples at 423 K for 10 h. The pore size distribution was calculated
using a non-local density functional theory (NLDFT) model for carbon with a slit-shaped
pore geometry. Powder XRD analysis was described in Chapter 2. The variation of the crystal
size in the stacking direction was estimated from the broadening of the (002) reflection by
using the Scherrer equation with a shape factor, K = 0.9. The interlayer staking distance was
determined from the position of the (002) reflection using the Bragg equation. Nitrogen sorption
was measured at 77 K in a Micrometrics 3Flex instrument, after evacuation of the samples at
423 K for 10 h. The pore size distribution was calculated using a non-local density functional
theory (NLDFT) model for carbon with a slit-shaped pore geometry. TGA was conducted in a
Mettler Toledo TGA/DSC 1 Star system connected to a Pfeiffer Vacuum ThermoStar GSD 320
3
1
T1 Gas Analysis mass spectrometer. The analysis was performed in air or N2 (40 cm min ),
1
heating the sample from 298 K to 1273 K at a rate of 5 K min . The mass signals of H2 O
(m/z = 18) and CO2 (m/z = 44) were continuously monitored. Samples for STEM studies were
prepared by dusting respective powders onto lacey-carbon coated copper grids. Conventional
STEM imaging and EDX measurements are described in Chapter 2. AC-STEM was performed
using an FEI Titan Cubed microscope equipped with XFEG electron source and CEOS probe
aberration corrector, operated at 300 kV. STEM high-angle annular dark-field (HAADF) images
were acquired with an illumination angle of 17 mrad and detector inner angle of 35 mrad, chosen
to minimize any possible Bragg diffraction contrast and maximize overall image signal, and
especially atomic number (Z ) contrast between Pd atoms/clusters and the underlying support.
Per pixel dwell times of 5–10 µs and probe currents 40–60 pA were selected to achieve sufficient
signal-to-noise for single Pd atom visibility whilst minimizsing beam induced changes, providing
images representative of the Pd atom species and their distribution on the CN supports.
Scanning electron micrographs of the uncoated samples were acquired using a Zeiss Gemini
1530 FEG SEM operated at 1 kV. CO2 temperature-programmed desorption (CO2 -TPD) was
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carried out in a Micromeritics Autochem II 2920 equipped with a thermal conductivity detector
coupled to MKS Cirrus 2 mass spectrometer. The samples were first activated at 473 K for 1 h
under a helium atmosphere. Then the temperature was reduced to 323 K and the samples were
saturated with CO2 for 1.5 h before flushing with helium to remove physisorbed molecules.
This procedure was repeated twice. Once the baseline was flat, the temperature was increased
1
to 773 K at a rate of 10 K min to obtain the CO2 desorption curves.
3.2.3. Catalyst Testing
The hydrogenation of 2-methyl-3-butyn-2-ol (Acros Organics, 98%) was carried out in a
continuous-flow flooded-bed micro-reactor as described in Chapter 2.
3.2.4. Computational Methods
The use of the Vienna Ab initio simulation package

[73]

was employed as described in

Ö

Chapter 2. Four layered slabs of the (0001) surface were built with p(2 2) supercells

ÖÖ

(Figures A.29 and A.30) and a k -point sampling of 3 3 1. The incorporation of metal atoms
was assessed on one side of the slab.

3.3. Results and Discussion
3.3.1. Carrier Properties
The preparation of carbon-doped g-C3 N4 carriers was approached by copolymerizing
the conventional cyanamide precursor with barbituric acid (BA) or 2,4,6-triaminopyrimidine
(TAP). These compounds both contain carbon-rich heterocycles with respect to the
six-membered ring of melamine, the smallest aromatic unit of the condensed structure of
graphitic carbon nitride, and ideally have compatible functionality to copolymerize with
this molecule to form the standard tri-s-triazine units via the elimination of ammonia or
water.

[113–116]

To demonstrate the flexibility of this approach and to study the impact of surface

area, C-doped carriers have been prepared in both bulk and mesoporous forms, the latter
obtained by applying colloidal silica as a hard template during the synthesis. The resulting
samples are coded x -y-z, where x denotes the carrier morphology (bulk – BCN or mesoporous –
MCN), y corresponds to the dopant applied (BA or TAP) and z indicates the cyanamide/dopant
mass ratio (0.02, 0.2 or 0.9). For reference purposes, the stoichiometric g-C3 N4 carrier was
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Figure 3.2. a) XRD patterns, b)
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C MAS NMR spectra, c) C 1s XPS spectra and d) N 1s XPS

spectra of the stoichiometric and C-doped mesoporous g-C3 N4 carriers. In c) and d), solid black lines
show the result of fitting the raw data (open symbols), the dashed lines correspond to the individual
peaks after fitting. Blue lines indicate the background applied.

synthesised in bulk (BCN) and mesoporous (MCN) form and the individual dopants were also
polymerized in bulk form leading to the BBA and BTAP materials.
Various techniques were applied to characterize the properties of the modified carriers.
The framework composition of all carriers was determined based on elemental analysis
after correction for the possible adsorption of gases by the material (vide infra). Upon
introduction of BA or TAP during the synthesis an increased amount of carbon is observed
(Table A.6); consistently, the C/N ratio rises from 0.6 in the stoichiometric materials to
close to 1 in the C-doped analogues. Comparison of the XRD patterns of the mesoporous
(Figure 3.2) and bulk (Figure A.17) carriers reveals that the incorporation of carbon was
accompanied by a disturbance of the graphitic carbon nitride lattice. In particular, increasing
the cyanamide/dopant ratio was associated with a broadening and reduced intensity of the
`
`
(002) stacking reflection at 27.3 2θ (Figure A.18). Moreover, the (100) reflection at 13.1 2θ
corresponding to the in-plane order of tri-s-triazine units within the g-C3 N4 sheets, is not
visible in the carbon-doped samples, suggesting an increased distortion of g-C3 N4 layers.

[118]

Estimation using the Scherrer equation (Table A.7), confirmed a decrease of the crystal size in
the stacking direction of the lattice with increasing C/N ratio from 9 nm in the stoichiometric
MCN carrier to 2 nm in MCN–TAP-0.9 and MCN–BA-0.9 (Figure A.19), indicating that the
presence of both dopants hinders the polymerization of cyanamide. Note that the values of
crystal size should only be used for qualitative comparison since doping of the lattice with
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carbon can also introduce lattice distortion and structural defects leading to peak broadening,
which is difficult to decouple from the purely size related effect. The slight shift of the (002)
reflection indicates a small concomitant increase in the interlayer stacking from 0.326 nm in
MCN to 0.332 nm in MCN–BA-0.9.

[116]

In fact, the substitution of one or more nitrogen atoms

in the framework of g-C3 N4 leads to a decreased strength of hydrogen bonds, which is known
[114]

to reduce the stability and structural regularity in g-C3 N4 materials.
Comparatively, the
`
observation of a single broad reflection at 27.3 2θ in the materials obtained upon the direct
thermal condensation of barbituric acid (BBA) or 2,4,6-triaminopyrimidine (BTAP) indicates
that they adopt a layered structure similar to that of the conventional graphitic carbon nitride
(BCN).
To further confirm the successful incorporation of carbon into the g-C3 N4 lattice, the
mesoporous samples were studied by MAS NMR and XPS spectroscopy. The two main signals
at 164 and 157 ppm in the

13

C MAS NMR spectrum of MCN are attributed to CN2 (NHx )

and CN3 moieties, respectively (Figure 3.2b).

[81]

The gradual coalescence of these peaks with

increased amount of BA or TAP (Figure A.20) can be related to a decrease in the crystalline
order of the tri-s-triazine moieties. In addition, a new peak centered at 95 ppm appears, which
reflects the desired incorporation of –C–C=N– units into the framework.

[114]

Consistently,

MCN–BA–0.9 and MCN–TAP–0.9 samples evidence a strong peak at 287.3 eV in the C 1s
XPS spectra (Figure 3.2c) that is attributed to C-doped –C–C=N– moieties,

[119]

while the

peak at 284.8 eV that represents C–C bond formation also increases. The latter could result
from the formation of an amorphous carbon phase during the polymerization.

[120]

The existence

of the tri-s-triazine units was confirmed by the presence of the peak at 288.1 eV (CN3 ).

[63]

Fitting of N 1s XPS spectra (Figure 3.2d) identifies the presence of nitrogen species, typical
for the g-C3 N4 structure. Three main peaks at 398.6 eV (ring nitrogen, C–N=C), 399.5 eV
(tertiary nitrogen, NC3 ) and 400.6 eV (NHx groups) are observed in all spectra. The presence
of tertiary nitrogen and the C–N=C/NC3 ratio of 6 for MCN carrier confirms that the structure
is based on tri-s-triazine building block.

[83]

The C–N=C/NC3 ratio drops to 3.7 and 3.5 for

MCN–TAP–0.9 and MCN–BA–0.9, respectively, indicating a decreased amount of the ring
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nitrogen in the carbon-doped carriers and evidencing the successful substitution of nitrogen by
carbon in the sixfold cavity of the g-C3 N4 structure.
As evidenced by nitrogen sorption (Figure 3.3a), MCN–BA-0.9 and MCN–TAP-0.9 display
an enhanced surface area compared to the stoichiometric MCN (Table A.7). The prominent
hysteresis loops observed in all isotherms evidence the presence of connected spherical or
cylindrical mesopores. Corresponding pore size distributions (Figure 3.3a, inset) display two
pronounced peaks, centered at 1.5 and 10 nm, the latter close to the size of the SiO2 template.
The increased surface area with increasing C/N ratio is in agreement with the reduced
crystalline order. Interestingly, distinctions are visible between the application of BA and TAP
(Figure A.19), the former dopant resulting in a greater enhancement in the surface area with
decreasing crystal size. As expected, the BCN and BTAP carriers exhibit surface areas lower
2 1
than 10 m g consistent with the densification of the polymerised structures in the absence
of a template. In comparison, BBA and BCN–BA-0.9 display relatively high specific surface
2 1
areas of 45 and 48 m g , respectively, with a hysteresis loop at p/p 0 = 0.3–0.9, suggesting
the presence of smaller crystalline domains and/or a higher number of defects in these samples
(Figure A.17). Examination of the carriers by TEM demonstrates that the inclusion of BA or
TAP does not radically alter the morphology up to a mass ratio of 0.9 (Figure 3.4 and A.21).
All mesoporous carriers exhibit the extensive presence of spherical mesopores of sizes around

Figure 3.3. a) N2 isotherms at 77 K and corresponding NLDFT pore size distributions (inset),
b) TGA profiles in air and c) the variation of the BET surface area (circles) and the amount of
CO2 adsorbed (squares) with the C/N ratio of the stoichiometric MCN (green) and C-doped carriers
modified with TAP (red) and BA (blue).
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that of the 12 nm diameter of the colloidal silica template, while the bulk carriers exhibit
a reduced more uniform beam transparency. Scanning electron microscopy (SEM) images of
MCN also reveal the presence of macropores with the size of around 500 nm, which are not
observed in the large particles of BCN. Analysis by selected area electron diffraction confirmed
the polycrystalline nature of the material (Figure A.21). Note that the observation of large
meso-/macropores in BBA agrees with the higher surface area of this material.
The impact of carbon doping on the thermal stability of the carrier and the propensity to
adsorb gases was assessed by TGA in air and in nitrogen, respectively, following the evolution
of volatile species by mass-spectrometry (MS). The thermal stability was improved after
carbon introduction. For example, the temperature for 50% weight loss of MCN–BA-0.9 or
MCN–TAP-0.9 is 50 K higher compared to MCN (Figure 3.3b and A.18), which also applies
for the bulk carriers (Figure A.17). In line with the fact that carbon nitride is weakly basic and
has previously been studied for CO2 capture, weight losses below 573 K primarily resulted

Figure 3.4. BF-TEM images of mesoporous and bulk g-C3 N4 copolymerized with BA or TAP. The
100 nm scale bar applies to all images.
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from the desorption of CO2 (Figure A.22). Consistent with the enhanced surface area, a
strong correlation was observed between the CO2 uptake and the C/N ratio of the carrier
(Figure 3.3c). Interestingly, a more significant increase resulted upon modification with BA
than with TAP, suggesting possible differences in the basicity of these samples. To study
this, CO2 -TPD monitored by MS was conducted. Two desorption peaks were observed in the
CO2 -TPD profiles, the first centered at 373 K (Figure A.23) corresponding to the presence of
weak Lewis basicity

[121]

and as second broader peak around 533 K, attributed to stronger basic

sites. Comparatively, MCN–TAP-0.9 was seen to exhibit a higher concentration of weak basic
sites, while MCN–BA-0.9 contained more strong basic sites, which can explain the higher CO2
uptake of the latter sample.
Based on the amount of CO2 adsorbed it is clear that this accounts for the majority of
oxygen detected by elemental analysis. Correction of the chemical composition reveals that the
amount of oxygen in the lattice of the C-doped carriers is relatively low ($ 2.4 mol.%) and
is not significantly impacted by the presence of mesoporosity. The fact that no adsorbed H2 O
was detected indicates that the hydrogen evidenced in the carriers most likely relates to defects
such as tertiary or secondary amines. Attempts to identify the possible origin of oxygen-related
defects by assessment of the surface properties by DRIFTS were complicated by the overlapping
signals associated with the g-C3 N4 lattice (Figure A.24). Nonetheless, comparison of the spectra
did confirm higher numbers of secondary amine defects in the C-doped carriers with respect to
the stoichiometric MCN.
3.3.2. Palladium Stabilization on Carriers
The microwave-irradiation-assisted deposition of palladium on the carriers attained a metal
loading close to the targeted value of 0.5 wt.% in all cases (Table A.8). Careful examination of
the metal speciation by AC-STEM confirmed the single-atom dispersion (Figure 3.5 and A.25)
and the absence of Pd nanoparticles in all of the catalysts based on the mesoporous C-doped
carriers (as summarized in Table A.8). EDX mapping also supported the uniformity of the
Pd distribution over these carriers (Figure A.26). However, some metal clusters of 1 nm were
observed in Pd@BCN–BA-0.9 (Figure 3.5, inset). High metal dispersions were also observed
in Pd@BCN (Figure A.27). This is noteworthy as the attempts to deposit palladium on BCN
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Figure 3.5. AC-STEM images of the metal speciation in Pd-containing SAHCs based on the C-doped
carriers, evidencing single-atom dispersion. Pd@BCN-BA-0.9 also contains small ca. 1 nm clusters, as
highlighted inset.

in Chapter 2 led to significant nanoparticle formation,

[106]

pointing toward the benefits of

using microwave-irradiation to improve the stabilization of single atoms on low surface area
carriers. In contrast, extensive formation of Pd clusters and small nanoparticles was evidenced
2 1
in Pd@BBA, which has the highest surface area of the bulk carriers (61 m g ). Thus, the metal
speciation appears to be more strongly dependent on the structure and binding strength of the
coordination sites within the material rather than on the surface area. Since the polymerization
of BA and TAP does not result in crystalline materials based on tri-s-triazine networks, these
carriers behave more like nitrogen-doped carbons and are less able to effectively stabilize isolated
metal centers.
Further insight into the interaction of palladium with the C-doped carriers was obtained
by analysis by XPS, which enabled comparison of the impact of varying the composition
on the surface concentration (Pdsurface ) and formal oxidation state of the metal (Figure 3.6a
and A.28). Surface enrichment of Pd was observed in all samples (Table A.8), which agrees
with the high barriers for the diffusion of Pd atoms into sub-subsurface layers predicted by the
DFT calculations in Chapter 2.

[106]

In line with the higher local surface metal concentrations

experienced during the synthesis, much more drastic increases in Pdsurface were observed in
catalysts based on the low-surface bulk carriers (11–24 times) with respect to the mesoporous
analogues (2–4 times). Nonetheless, opposite behavior is observed on comparison of the series
of catalysts based on the mesoporous C-doped carriers, which display an appreciable increase
in Pdsurface with surface area (Figure 3.6b). This suggests that doping the lattice with carbon
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Figure 3.6. a) Comparison of the Pd 3d core level XPS spectra of the catalysts based on the
mesoporous carriers. Solid black lines show the result of fitting the raw data (open symbols), the
dashed lines correspond to the individual peaks after fitting. Blue lines indicate the background applied.
Vertical gray lines correspond to the individual components, which are assigned based on the shifts
expected for bulk species. b) The correlation between Pd surface concentration and BET surface
area. c) The correlation between Pd

2+

4+

/Pd

ratio and Pd surface concentration. In b) and c) the

intermediate samples MCN-BA-0.2 and MCN-TAP-0.2 are included. Green symbol refers to the MCN
carrier, while red and blue symbols denote carriers modified with TAP and BA, respectively.

either hinders the diffusion of palladium into subsurface layers or creates stronger adsorption
sites at the surface with respect to the stoichiometric lattice.
Fitting of the Pd 3d 5/2 spectra identified two peaks at 338.5 eV and 336.9 eV in all samples
(Figure 3.6a), which are tentatively assigned to Pd

4+

2+

and Pd , respectively. Notably, no

peak corresponding to metallic Pd around 335.0 eV was observed in any of the spectra.
2+

[122]
4+

Interestingly, significant variation is observed in the relative peak intensity, the Pd /Pd

ratio changing from 0.24 for Pd@MCN–BA-0.9 to 1.04 for Pd@MCN–TAP-0.9, while Pd@MCN
shows intermediate value 0.53 (Table A.8). Replacing the nitrogen atoms with carbon in the
stoichiometric g-C3 N4 structure is expected to lead to a weaker metal-carrier interaction, which
is corroborated by the reduced adsorption energies of isolated Pd atoms by 0.2–0.5 (vide
2+

4+

infra), and thus a higher Pd /Pd
2+

4+

In contrast to this, a lower Pd /Pd

ratio, as observed in the case of Pd–MCN–TAP-0.9.
ratio was observed in Pd–MCN–BA-0.9. Attempts to
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correlate the differences in the relative amounts of high- and low-valent metal with a bulk
compositional parameter (e.g. the C/N ratio, O content or lattice electronegativity) did not
uncover any general relationship. This is perhaps unsurprising considering that the metal is
primarily located in the surface layers of the carrier and therefore most likely to depend on
the specific termination of the lattice and presence of surface defects. The distinct variations in
the CO2 uptake and basicity of the C-doped carriers already points towards differences in the
2+

4+

surface properties depending on the dopant applied. Importantly, comparison of the Pd /Pd

ratio versus Pdsurface confirms that the variation does not result from differences in the areal
density of palladium between the samples (Figure 3.6c). The absence of the metallic Pd signal
in the Pd 3d spectra of Pd@BBA and Pd@BTAP conflicts with the presence of small clusters
as confirmed by STEM analysis, which can be explained by bathochromic shift due to the
quantum effects that appear for particles smaller than 2 nm.

[96]

These results highlight the

current analytical challenges faced to describe the metal-carrier interaction with respect to
understanding both the XPS response and the precise surface structure.
3.3.3. Modeling
To gain molecular insight into the impact of carbon doping on the interaction of palladium
with carbon nitride, DFT calculations have been carried out for the binding sites defined by
the tri-s-triazine (C6 N8 ) units considering two possible stacking arrangements (Figure A.29).
As illustrated in Figure A.30, chemical defects have been incorporated into the structure by
replacing some of the nitrogen atoms by CH or by CO and a nearby H. The former comprises
the targeted substitution in the C-doped structures, while the latter represents a possible
type of oxygen-containing defect that may form due to the oxidation of the material during
synthesis.

[123]

The metal stabilization was subsequently studied by placing Pd atoms at different

depths within the modified interstices (Figure A.30).
The adsorption of palladium in the stoichiometric (defect-free) compound ranges from 2 eV
for the bulk of the material to 1.7 eV at the surface. C-doped materials are less prone to
adsorb Pd and the adsorption energy is reduced by 0.25–0.5 eV on the surface close to a defect
(Table A.9). The computed XPS shifts show that the analysis is complex. The 3d levels of Pd
atoms adsorbed at the surface are shifted towards smaller binding energies by about 0.4 eV.
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4+

Thus, qualitative analysis of the XPS data indicates that both Pd -like (in the bulk) and
2+

Pd -like (at the surface) atoms can be formed. However, calculated Bader charges are small
-

(ca. 0.5 ¶e ¶) due to the large covalency between the metal atom and the lattice. The C-doped
structures present similar features, but with one noticeable difference in the XPS signature
4+

related to Pd in close contact with O defects. Pd adsorbed in these sites are closer to the Pd

feature, exhibiting 0.50 eV higher binding energies with respect to Pd atoms in the bulk of
the stoichiometric C3 N4 reference. Comparatively, the weakest interaction is identified upon
replacing N with a CH defect, while close to an O-defect Pd atoms are more stable with respect
to the stoichiometric sites. This implies that Pd is better anchored at the O-defect sites in
4+

2+

a strongly cationic configuration, which could explain the higher Pd /Pd

ratios observed

in the BA-modified materials, whereas the TAP-modified carriers behave more like an ideal
C-doped carbon nitride due to the lower adsorption energy, leading to a higher concentration
of ’effective’ palladium close to the surface.
3.3.4. Catalytic Performance
The performance of the Pd SAHCs based on the C-doped carriers was evaluated in
the continuous-flow semi-hydrogenation of 2-methyl-3-butyn-2-ol (Figure 3.7a). To decouple
the impact of the carrier composition, the tests focused on the catalysts based on the
mesoporous carriers, which exclusively contain isolated Pd atoms in comparably low areal
2
density (0.47  0.09 µmolPd m ). The contour maps in Figure 3.7b depict the rate and
selectivity to 2 methyl-3-buten-2-ol over selected catalysts at different temperature and pressure.
Under the conditions investigated, the conversion of 2-methyl-3-butyn-2-ol ranged between 3
and 60% in all cases. The high chemoselectivity of the single atoms was clearly evidenced by
the selectivity to the alkenol product in excess of 95%. Interestingly, the application of BA or
TAP to prepare C-doped carriers is seen to have opposite effects; Pd–MCN–BA-0.9 appears
less active than Pd–MCN, while higher rates are achieved over Pd–MCN–TAP-0.9.
Comparison of the rate of alkenol formation over all of the mesoporous SAHCs as a function
2+

4+

of the Pd /Pd

ratio at different temperature (Figure 3.8a) and pressure (Figure 3.8b) reveals

a strong dependence on the relative amount of the lower-valent metal species. In particular, at
1 bar and 343 K, the conditions of highest practical relevance, over a 3-fold variation in the
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Figure 3.7. a) Reaction scheme of the selective hydrogenation of 2-methyl-3-butyn-2-ol to 2-methyl3-buten-2-ol and the unselective over-hydrogenation to 2 methyl-3-butan-2-ol. b) Reaction rate (left

1 h1 ) and selectivity to 2-methyl-3-buten-2-ol (right
column, in %) at different temperature and pressure over Pd-based catalysts on g-C3 N4 . The contour
plots were obtained through spline interpolation of 14 experimental points. Reaction conditions:
3
1
3
1
Wcat = 0.1 g, F L (2-methyl-3-butyn-2-ol + toluene) = 1 cm min and F G (H2 ) = 36 cm min .
3

column, in 10 mol2-methyl-3-buten-2-ol molPd

reaction rate is observed. Tests of selected catalysts based on the bulk carbon nitride evidenced
significantly higher rates than those observed over the SAHCs based on the mesoporous carriers
(Figure A.31), which can be attributed to the much higher surface density of metal in these
1
samples (110 and 15.5 µmolPd m for Pd@BCN–BA-0.9 and Pd@BBA respectively). Despite
containing visible Pd nanoclusters, Pd–BCN–BA-0.9 preserved fully selective character to the
alkenol. In contrast, a high degree of over hydrogenation was evidenced over Pd–BBA, which
is ascribed to the extensive formation of Pd clusters and small nanoparticles. These findings
point toward the importance of tuning the metal-carrier interaction for the design of highly
efficient SAHCs. The significant variation in the surface density of metal and the heterogeneous
metal speciation present significant challenges for the comparative evaluation of catalysts based
on the bulk carriers. In particular, the difficulty in quantifying the amount and properties of
nanoclusters and single atoms, which cannot be assessed by standard chemisorption techniques,
highlights the need for improved methods to precisely control and characterize the distribution
and dispersion of metals in g-C3 N4 . These aspects are tackled in Chapter 6.

Single-Atom Catalysts based on Carbon Nitrides of Tailored Composition

55

Figure 3.8. Correlation of the rate of alkenol formation in the semi-hydrogenation of 2-methyl-3butyn-2-ol as a function of the a) temperature (P = 1 bar) or b) pressure (T = 363 K) of reaction
2+

with the Pd

4+

/Pd

ratio over Pd@MCN (squares) or over the SAHCs based on the mesoporous

C-doped carriers modified with BA (triangles) or TAP (circles).

3.4. Conclusions
This Chapter has assessed the impact of varying the elemental composition of graphitic
carbon nitride on the stabilization and catalytic efficiency of palladium species on this carrier.
Controlled modification of the C/N ratio could be achieved by the copolymerization of
cyanamide with carbon-rich heterocycles. The substitution of nitrogen by carbon in the lattice
was confirmed by elemental analysis, XPS and

13

C NMR spectroscopy and was found to

concomitantly enhance the surface area and thermal stability. Microwave-irradiation-assisted
deposition was shown to be an effective route for dispersing metals as single atoms even
on low surface area carriers. As evidenced by AC-STEM and XPS, both the speciation and
oxidation state of palladium was influenced by the specific dopant applied. The incorporation
of 2,4,6-triaminopyrimidine led to the weakening of the metal-carrier interaction expected due
to the reduced coordination number of the binding sites, but an increased binding strength
was observed upon incorporation of barbituric acid. Experimental and theoretical observations
pointed towards differences in the surface properties, possibly related to the presence of
oxygen-related defects. The metal oxidation state assigned from XPS in the resulting catalysts
was found to be an important descriptor for the semi-hydrogenation of 2-methyl-3-butyn-2-ol
with an enhanced catalytic efficiency observed over catalysts containing higher fractions of
2+

lower-valence Pd

species, which according to the calculations correspond to Pd atoms at the
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surface or near CH defects. The findings demonstrate the possibility of improving the efficiency
of SAHCs by tailoring the carrier properties, which is further considered in Chapter 4.

Chapter 4
Single-Atom Catalysts based on
Distinct Carbon Nitride Scaffolds
4.1. Introduction
The exploration of single-atom heterogeneous catalysts based on noble metals has been
stimulated by the prospect of improving metal utilization and selectivity simultaneously in
sustainable catalytic processes.

[15,39,40,49,56,57]

Unfortunately, atomically dispersed metals on

common hosts (e.g. metals, metal oxides and carbons) are often thermodynamically unstable
and aggregate into clusters or nanoparticles, especially at elevated temperature.

[124]

In this

regard, graphitic carbon nitride (herein denoted as GCN) emerges as a unique host for preparing
SAHCs due to the presence of nitrogen-rich macroheterocycles in the lattice, which can
anchor metal atoms firmly.

[63,125]

The density of the adsorption pockets also helps to maintain

dispersion by configurational entropy considerations. In comparison to SAHCs supported on
other nitrogen-doped carbons, which typically exhibit significant structural heterogenity, the
higher content and uniform type and arrangement of nitrogen species within GCN materials
offer abundant and more precisely defined coordination sites.
Graphitic carbon nitride is regarded as the most stable polymorph upon polymerization
of common nitrogen-rich precursors (e.g. cyanamide, dicyanamide and melamine) under
ambient conditions, and is widely used as a photocatalyst.

[61,62,126–128]

In agreement with

DFT predictions of the higher thermodynamic stability, most experimental studies report
the formation of heptazine- rather than triazine-based molecular structures.

[63–68,125]

Since the

preparation of GCN is a stepwise polymerization process, various intermediate phases including
melam, melem and linear melem oligomers (LMO) can be obtained by varying the synthesis
conditions (temperature, pressure or atmosphere).

[129,130]

On the other hand, highly crystalline

carbon nitrides comprising ordered poly(triazine imide) (PTI) or poly(heptazine imide) (PHI)
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can be assessed either by increasing the temperature or pressure

[131,132]

synthesis employing eutectic salt mixtures of LiX /KX (X = Cl or Br)
single alkaline metal chlorides

[135,136]

or by ionothermal
[86,132–134]

or simply

as the solvent.

Chapter 2 highlights the possibility to stabilize various metals (Pd, Ag, Pt or Ir) as single
atoms on GCN by using both direct (e.g. copolymerization, in situ doping) and post-synthetic
(e.g. wet deposition optionally assisted by microwave irradiation and/or combined with chemical
reduction) approaches.

[38,48,60,106,107,137–139]

The method of metal introduction is known to

impact the distribution of metal centers within the host, the post-synthetic deposition resulting
in higher surface metal densities and consequently increased turnover frequencies in the
three-phase semi-hydrogenation of alkynes. Furthermore, both the accessibility and electronic
properties of adsorbed metal species could also be altered by varying the morphology and
porosity of GCN.

[106]

By doping carbon into the lattice of GCN, Chapter 3 showed the controlled

variation of the C/N ratio, pointing out the potentially critical role of the strength of the
metal–host interaction.

[138]

However, to date, the preparation of SAHCs based on other carbon

nitrides including LMO and crystalline PTI and PHI phases has not been attempted.
To guide the design of improved SAHCs and gain insight into the effect of the host structure
on metal stabilization, in this Chapter, a series of carbon nitride materials (LMO, GCN, PTI
and PHI) have been prepared (the idealized structure motifs are illustrated in Figure 4.1).
The comparative properties of the distinct scaffolds are studied in depth before and after
the introduction of palladium via microwave-assisted deposition. The single-atom dispersion
is confirmed in all cases by AC-STEM, while analysis by XPS reveals significant variation
in the formal oxidation state of the metal. DFT calculations are conducted to shed further
light on the interaction of the metal with the different scaffolds, which is fundamental to
understand the performance that in our case was interrogated through the semi-hydrogenation
of 2-methyl-3-butyn-2-ol. The possibility to tune the electronic properties of the metal via the
exchange of intercalated ions in the polyimides is also demonstrated.
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Figure 4.1. Idealized structure motifs and HR-TEM images of LMO, GCN, PTI and PHI. Sites that
further polymerize in the extended structure are indicated with parentheses. Color codes: gray - C,
blue - N, white - H, pink - Li, purple - K, orange - Cl. The relaxed structures are shown in Figure A.47.

4.2. Experimental
4.2.1. Catalyst Preparation
LMO and polymeric GCN were prepared by calcining melamine (8 g) at the desired
1
temperature (723 K for LMO and 823 K for GCN with a ramp rate of 2.3 K min ) in a
3
1
crucible for 4 h under a nitrogen flow (15 cm min ). PTI and PHI were prepared by ball
milling eutectic salt mixtures of LiCl (4.52 g)/KCl (5.48 g) together with a corresponding
precursor (melamine (1 g) for PTI and 3-amino-1,2,4-triazole-5-thiol (2 g) for PHI) for 10 min,
in a Retsch PM 100 bioMETA planetary ball mill (500 rpm). Afterwards, the mixtures were
1
transferred into a crucible and calcined at 823 K for 4 h (ramp rate of 2.3 K min ) under
3
1
a nitrogen flow (15 cm min ). The resulting products were washed with hot water for 48 h
to remove any excess salts. Finally, the carbon nitride products were collected by filtration,
washed thoroughly with distilled water and ethanol, and dried at 338 K overnight.
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For metal stabilization, different carbon nitride hosts (0.5 g) was first dispersed in H2 O
3

(20 cm ) under sonication for 1 h. Then, an aqueous solution of Pd(NH3 )4 (NO3 )2 containing
3

3

5 wt.% Pd (0.05 cm , targeting 0.5 wt.%; 0.2 cm , targeting 2 wt.%) was added and stirred
overnight for complete adsorption. The resulting solution was placed in a microwave reactor
(CEM Discover SP), applying a cyclic program (20 repetitions) of irradiation (15 s) and cooling
(3 min) using a power of 100 W. The resulting powder was collected by filtration, washed with
distilled water and ethanol, and dried at 333 K overnight.
In a typical ion exchange procedure, PTI or PHI (0.7 g) was dispersed in an aqueous solution
3

of MgCl2 6H2 O (3.4 g, 20 cm ) and then stirred at room temperature for 24 h, after which the
solids were collected by centrifugation. These steps were repeated three times and the products
were thoroughly washed with water and ethanol, and subsequently dried at 338 K overnight.
The samples are denoted as PTI-Mg and PHI-Mg.
4.2.2. Catalyst Characterization
Elemental analysis, ICP-OES, CP/MAS NMR, XRD, Ar sorption and XPS were performed
as described in Chapter 2. All spectra were referenced to the C 1s peak of ternary carbon at
288.3 eV. Prior to peak deconvolution, X-ray satellites and inelastic background (Shirley type)
were subtracted for all the spectra. The Pd average oxidation state was calculated based on
the relative content determined by the peak area of different palladium species from Pd 3d
core-level XPS spectra. DRIFTS was performed using a Bruker Optics Vertex 70 spectrometer
equipped with a high-temperature DRIFT cell (Harrick) and an MCT detector. The samples
were pretreated at 423 K for 1 h under Ar before analysis. Spectra were recorded in the range
1
3
1
of 4000–400 cm under Ar flow (20 cm min ) and at room temperature by co-addition of 64
1
scans with a nominal resolution of 4 cm . SEM images were acquired using a Zeiss ULTRA 55
operated at 5 kV. Samples for TEM studies were prepared by dusting respective powders onto
lacey-carbon-coated copper or nickel grids. High-resolution TEM, conventional STEM and EDX
measurements are described in Chapter 2. Thin cross-sections were prepared by embedding the
powder in a suitable resin (Polysciences Inc., Hard Grade) followed by cutting the sections
(100 nm) with a diamond knife. The sections were mounted on carbon-coated copper grids.
AC-HAADF-STEM was performed as stated in Chapter 3.
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4.2.3. Catalyst Testing
The hydrogenation was carried out in a microwave reactor (CEM Discover SP) with a
pressure-controlled vessel under continuous stirring. In a typical reaction, the feed solution
3

containing 0.4 M substrate in toluene (1.5 cm ) was microwaved in the presence of the catalyst
(15 mg) for 1 h at 323 K. The initial hydrogen pressure was 3 bar in all experiments. The
resulting reaction mixture was filtered (pore size, 0.45 µm) and the products were collected. The
continuous-flow tests were carried out in a flooded-bed micro-reactor described in Chapter 2.
The reactions were conducted at T = 323 K, P = 3 bar. The products were collected every
20 min after reaching steady state.
4.2.4. Density Functional Theory
Slab models representing different carbon nitride scaffolds have been described through
the DFT as implemented in the Vienna Ab initio Simulation Package (VASP) code,
the Perdew-Burke-Ernzerhof (PBE) functional together with D3 dispersion terms.
electrons were replaced by projector augmented wave (PAW) method

[76]

[73]

[117,140]

using
Core

and the valence

electrons were expanded in plane waves with a kinetic cut-off energy of 450 eV. The bulk
structures were derived from our previous carbon nitride system by expanding the building

ÖÖ

ÖÖ

motifs. The k -point densities were 5 5 5 for GCN and PTI system and 3 3 5 for PHI.
Slab models were cut along the van der Waals planes; the slabs contain four layers and
are interleaved by at least 12 Å of vacuum. The optimized crystal lattices are presented

ÖÖ

in the Appendix. The k -point sampling in these cases was 3 3 1 (GCN and PTI) and

ÖÖ

1 1 1 (PHI). The PdCl2 precursor and Pd atoms were anchored at different positions in
the cavities and within the two uppermost layers, which are preferential sites for the simplest
carbon nitrides as observed in first-principles MD. The Heyd-Scuseria-Ernzerhof (HSE03)

[141]

functional was used to generate the partial density of states (PDOS) of the relaxed structures,
including 25% of exact Hartree-Fock exchange. Ab initio MD simulations were conducted on
the Perdew-Burke-Ernzerhof (PBE) level, and comprised heating/equilibration cycles in which
the system was heated to 500 K with a cycle step of 100 K for a total duration of 10 ps.
The structures can be retrieved from the ioChem-BD database
DOI:10.19061/iochem-bd-1-75.

[142]

at the following dataset:
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4.3. Results and Discussion
4.3.1. Host Properties
The distinct carbon nitride scaffolds were prepared adapting previously reported
protocols.

[86,131–133,143]

In particular, LMO and GCN were obtained by direct polymerization

of melamine at different temperatures, while PTI and PHI were synthesized by a similar
approach exploiting eutectic salt mixtures of LiCl/KCl as the solvent. Analysis by XRD
confirms the characteristic crystalline structures of the resulting materials (Figure 4.2a). In
`
particular, GCN exhibits an intense reflection at 27.3 2θ (002) associated with the graphite-like
interlayer stacking and a weak in-plane reflection stemming from heptazine repeating units
`
at 13.1 2θ (100). PTI features a number of well-resolved reflections, which are consistent
[132]

with the expected hexagonal structure and P 63 cm space group.
The strongest reflection
`
at 26.8 2θ indexed as the (002) plane corresponds to an interlayer distance of 0.33 nm,
`
whereas the (002) reflection of PHI was found to be at 26.2 2θ (0.32 nm). Note that the
`
reflection at 12.2 2θ of PTI corresponding to the (100) in-plane periodicity shifts to a lower
`
angle (8.3 2θ) in PHI. In the case of LMO, the XRD pattern agrees well with previously
`
reported observations, where the (002) reflection at 25.5 2θ features an interlayer distance of
0.35 nm.

[143]

The high crystalline order of the carbon nitride hosts was further evidenced by

HR-TEM imaging (Figure 4.1). Although not observed in GCN due to the in-plane structural
disorder and beam sensitivity, LMO, PTI and PHI exhibited lattice fringes with spacings of
0.35, 0.33 and 0.32 nm, respectively, corresponding to the (002) planes in these stacked aromatic
structures. Additional lattice fringes with distances of 0.44 and 0.74 nm were also observed in
the case of PTI (Figure A.32), which can be assigned to the (110) and (100) planes, respectively.
The distinct structures were further corroborated by DRIFTS,

13

C CP/MAS NMR

spectroscopy and XPS. The DRIFTS spectra (Figure 4.2b) evidence the existence of the
1
aromatic heterocycles in all hosts, showing the stretching at 1100–1650 cm , while the broad
1
[81]
bands at 3000–3300 cm are assigned to the bending of -NHx terminations. Though bearing
the same building units of heptazine, LMO shows more intense -NHx breathing modes than
GCN, indicative of more peripheral -NHx terminations in LMO. Unpolymerized cyanogroups
1
(CN) and cumulated double bonds (-N=C=N-) at 2184 cm are obvious in PTI and PHI,
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Figure 4.2. a) XRD patterns, b) DRIFTS spectra, c)

13
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C CP/MAS NMR spectra and d) N 1s XPS

spectra of the investigated carbon nitride scaffolds. The sample color codes in a) apply to all panels.
The dashed gray lines indicate the reflections and stretching assignments, where the asterisks indicate
bands characteristic of the PTI structure. In d), the black lines show the fitted result of the raw data
(open symbols), whereas the green, red and purple peaks corresponding to the deconvoluted C-N=C,
NC3 and -NHx components.
[144]

evidencing the presence of -NH- bridges as in ketene-imines.
In addition to the deformation
1
1
vibrations of the triazine or heptazine rings at 814 cm , a unique band at 670 cm in PTI
suggests that triazine rings are the building units,
cases. LMO and GCN show similar

13

[132,145]

instead of the heptazine in the other

C NMR spectra (Figure 4.2c) with two main peaks at

164 and 155–157 ppm, attributed to CN2 (NHx ) and CN3 moieties, respectively. These signals
are also present in PTI and PHI, but the ratio between the intensity at 164 and 157 ppm is
much higher, demonstrating more carbon species close to periphery -NHx . On the other hand, an
additional peak at 168 ppm indicates the presence of triazine rings in PTI, which can be ascribed
to the carbons with few protons in its proximity.

[146]

Furthermore, the main contribution at
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288.3 eV in the C 1s XPS spectra (Figure A.33) originates from the carbon species in the
triazine or heptazine rings. Comparatively, deconvolution of N 1s spectra (Figure 4.2d) of
LMO, GCN and PHI evidence three main peaks at 398.8, 399.9 and 401.0 eV, which can be
ascribed to the ring nitrogen (C-N=C), tertiary nitrogen (NC3 ) and terminal -NHx groups. The
ratio of C-N=C/NC3 was calculated to be around 6, confirming the presence of heptazine as
the building unit.

[133]

Taking account of the relative nitrogen content from elemental analysis
1
(Table 4.1), the surface NHx concentration for LMO was calculated to be 6.8 mmol g , which
–1

is 1.3-fold more than that of GCN (5.3 mmol g ). On the other hand, the absence of the
tertiary nitrogen (NC3 ) and the C-N=C/NC3 ratio of around 2, accompanied by some shift in
the terminal -NHx , suggest again that the obtained PTI is built of triazine instead of heptazine
units.
The chemical composition of the hosts was determined by elemental analysis and ICP-OES
(Table 4.1). The C/N molar ratio of LMO is 0.62, which is lower than its GCN counterpart
(0.65), likely due to the abundant -NHx terminations in LMO. Meanwhile, the C/N ratios of
PTI and PHI are 0.66 and 0.70, respectively, which are very close to the theoretical values (0.67
for PTI and 0.71 for PHI). The Li, K, Cl molar contents (in mol.%) in PTI and PHI (PTI/PHI)
were calculated to be 2.3/0.3, 0.5/2.2 and 1.0/0.1, respectively. Therefore, it can be concluded
+

–

that PTI is intercalated by Li and Cl simultaneously, while PHI is preferentially intercalated
+

with K . The presence of exchangeable ions in PTI and PHI offers a further possibility to
tune the electronic properties of the hosts. Magnesium was chosen as the exchanged species,
since Mg

2+

is known to interact well with the N species in porphyrins and it has a comparable

or smaller ionic radius (rion = 86 pm) than that of the Li

+

+

(90 pm) and K

(152 pm) ions

initially present in the structures. As shown in Table 4.1, only 0.41 wt.% Mg was exchanged
into the framework of PTI, while the Mg content can be introduced into PHI up to 1.94 wt.%,
+

indicating that K

2+

in PHI can be efficiently exchanged with Mg . The structure of PTI
2+

and PHI remains unchanged upon Mg

exchange, as suggested by the similarity of the XRD

patterns (Figure A.34).
The distinct morphology of the applied hosts was visualized by TEM and SEM
(Figure A.35). In contrast to the irregularly shaped LMO and GCN, PTI displays fiber-like
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Table 4.1. Characterization data of the carbon nitride scaffolds and associated SAHCs.

Host

a

S BET

b

Formula

c

b

d

Loading

Pd surface

2 1
/m g

/ wt.%

efficiency / %

density / m g

2

LMO

C3 N4.86 H2.69 O0.11

3 (29)

0.66

33

8.6

GCN

C3 N4.64 H1.59 O0.10

8 (11)

0.58

29

63.8

PTI

C3 N4.52 H2.89 O0.82 Li0.16 K0.05 Cl0.12

68 (76)

0.56

100

1.7

PHI

C3 N4.27 H3.11 O1.43 Li0.04 K0.27 Cl0.01

31 (30)

0.47

95

4.7

PTI-Mg

C3 N4.55 H2.96 O0.84 Li0.15 K0.01 Cl0.08 Mg0.02

80 (110)

0.50

100

1.6

PHI-Mg

C3 N4.36 H3.38 O1.49 Li0.00 K0.09 Cl0.01 Mg0.10

31 (40)

0.48

96

4.2

a

e

Pd

1

LMO - linear melem oligomer, GCN - graphitic carbon nitride, PTI - poly(triazine imide), PHI b

poly(heptazine imides), PTI-Mg and PHI-Mg - magnesium ion-exchanged PTI and PHI. Determined by
elemental analysis (non-metals) or ICP-OES (metals).
d

the SAHCs). Determined by 100

c

BET method (in parentheses, the surface area of

Ö (actual metal content/targeted metal content).

e

Determined from the

surface Pd concentration (from XPS) and area (from gas sorption) of the SAHCs.

morphology constituted by cubic and hexagonal nanocrystals, while PHI presents a mixture
of rod-like structures and plates. As evidenced by argon sorption (Figure A.33), PTI and PHI
2 1
exhibit higher surface areas (68 and 31 m g , respectively) than non-porous LMO and GCN
2 1
(3 and 8 m g , respectively), which is linked to the nanostructured characteristics of the
polyimide structures.
4.3.2. Metal Stabilization
To study the capacity of the distinct carbon nitride scaffolds as hosts for single atoms,
palladium was introduced via a microwave-assisted deposition targeting a loading of 2 wt.%.
Increased metal deposition was observed for the polyimide structures, taking up 66% (PTI)
and 68% (PHI) of the available metal leading to palladium contents of 1.32 and 1.35 wt.%,
respectively. Comparatively, lower uptakes 33% (LMO) and 29% (GCN) were observed for
the other carbon nitrides (incorporating 0.66 and 0.58 wt.%, respectively). This is tentatively
attributed to the specific binding of palladium by the former carriers (vide infra) although the
higher surface area of these materials could also enhance the capacity as a metal host. For an
improved catalytic evaluation, two additional SAHCs based on PTI and PHI were prepared
with metal contents close to 0.5 wt.% (Table 4.1).
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The examination by AC-HAADF-STEM verified the single-atom dispersion of palladium,
where the higher-atomic-number metal atoms are visible as the sub-nanometer bright spots on
a smoothly varying gray background signal from the lower-atomic-number hosts (Figures 4.3
and A.36). To assess the macroscopic metal distribution, thin cross-sections of the embedded
materials were mapped by EDX spectroscopy, indicating a relatively uniform presence of
palladium throughout LMO, PTI and PHI (Figure A.37). In contrast, a surface enrichment
in the concentration of palladium was observed for GCN, suggesting that the metal is unable
to penetrate deeply into the material.

Figure 4.3. AC-HAADF-STEM images of the fresh and used Pd SAHCs based on different carbon
nitride scaffolds and Pd 3d core level XPS spectra of the fresh catalysts. Some isolated Pd atoms are
identified by yellow circles. Additional low-magnification HAADF-STEM images of the fresh samples
are shown in Figure A.48. In the XPS spectra, the black lines show the fitted result of the raw data
(open symbols), whereas the magenta and green peaks correspond to the deconvoluted components.
4+

The dashed lines indicate the positions formally assigned to Pd

, Pd

2+

0

and Pd species.

The influence of the host structure on the electronic properties of palladium was studied by
XPS. The presence of two different oxidation states was clearly distinguishable from the Pd 3d
core-level spectra (Figure 4.3), at around 338.3 and 336.5 eV, respectively. Based on assignments
in Chapters 2 and 3, these peaks can be attributed to Pd

4+

(338.3 eV) and Pd

2+

(336.5 eV).

Notably, no signal corresponding to the metallic Pd fingerprint (appearing at 334.9 eV) was
detected in any of the catalysts. These observations are consistent with the expected strong
interaction between the isolated atoms and hosts and the absence of nanoparticles evidenced
by microscopy. Notice that the direct assignment of formal charges is debatable, and the
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values above are only used for reference purposes indicating the existence of palladium species
with differing degrees of oxidation or coordination to atoms with different electronegativity.
2+

4+

Significant variation of the ratio of Pd /Pd

was observed, ranging from 0.19 (Pd@PHI) and

0.31 (Pd@PTI) to 1.04 (Pd@GCN) and 1.32 (Pd@LMO), indicating that the strength of the
metal–host interaction can be manipulated depending on the framework structure of carbon
nitrides. The relatively high contribution of Pd

4+

in PTI and PHI is rationalized by the possible

interaction of palladium with intercalated ionic species in these materials (vide infra). To assess
the chemical state of subsurface palladium atoms in the SAHCs, a depth-profiling analysis by
+

XPS coupled with Ar beam etching was conducted to remove the surface layer (Figure A.38).
In all cases, the Pd 3d core-level spectra are slightly shifted to higher binding energies, showing
4+

an evolution towards Pd . The charge assignment is done by comparison with standards and
thus they might differ from the charges obtained in the DFT calculations.
To gain insight into the relative thermal stability, the distinct Pd SAHCs were treated both
in air at 673 K and in a flowing 5%H2 /He mixture at 433 K, the latter conditions representative
of those typically employed in gas-phase hydrogenation reactions.

[11,107]

The Pd atoms over

LMO, PTI and PHI exhibit high resistance to sintering with no sign of nanoparticle formation
(Figure A.39), while abundant Pd clusters become visible at the surface of GCN. The lower
stability of single atoms over GCN can be due to several reasons. Comparatively, Pd atoms bind
weakly to GCN, as evidenced by the lowest average oxidation state of the metal observed by
XPS and supported by DFT calculations (vide infra). In addition, the surface density of metal
atoms in the case of GCN is significantly higher compared to the other hosts (Table 4.1), which
could also contribute to their lower stability under thermal treatment. No reflections associated
with Pd phases are observed in the XRD patterns (Figure A.40) after calcination, in agreement
with the preserved high dispersion in all cases. Note that, in the case of LMO, the appearance
`
`
`
of a reflection at 6.3 2θ and the merging of the reflections at around 12.6 and 27.4 2θ after
calcination indicate the likely formation of a new layered complex, which could have a similar
[147]

structure to previously reported complexes between melamine and cyanuric acid.
On the
`
other hand, the disappearance of the in-plane reflection peak at 8.3 suggests a lower stability
in the case of PHI.
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4.3.3. Density Functional Theory Calculations
DFT has been employed to gain insight into the stabilization of palladium in the distinct
carbon nitride scaffolds and their speciation in terms of Bader charge and XPS shift (Figure 4.4
and Table A.11). The optimized lattices present cavities with different numbers of nitrogen

Figure 4.4. Optimized Pd coordination sites within different carbon nitride scaffolds with 6N, 9N
and 15N pockets. Values in parentheses beneath each image indicate the corresponding formation
energies (left), calculated versus an isolated Pd atom or PdCl2 coordination and the relaxed scaffold
(the chlorinated system contains Mg as counter cation between planes) and the calculated Pd 3d XPS
assignments (right), respectively. The top view representations are shown in Figure A.49. Coordinated
PdCl2 within GCN was calculated for reference purposes despite the absence of Cl in GCN. Color
codes: gray - C, blue - N, white - H, green - Pd, orange - Cl.

atoms (denoted as 6 N, 9 N and 15 N pockets for GCN, PTI and PHI, respectively). The small
6N cavity in GCN can efficiently stabilize Pd in the center of the pocket (Pd-6 N) or alternatively
by coordinating with four N atoms (Pd-4 N) between two neighboring planes. In the case of
the larger cavities (9 N and 15 N), Pd is found to adsorb close to two N centers. A consistent
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range of Pd 3d shift was noticed during the simulation of the XPS profiles. In general, the Pd
atoms preferentially reside at the subsurface layer of carbon nitrides, particularly for PTI. For
2+

all scaffolds, the surface Pd appears to be the least oxidized (Pd ) and they are suggested
4+

to be more active than their more oxidized counterparts (Pd ) that are buried more deeply
in the material (especially in the case of PTI and PHI) and therefore less accessible, which is
consistent with the XPS depth-profiling analysis. In the presence of chlorine, palladium can
coordinate in the form of PdN2 Cl2 that is also more oxidized than their surface counterparts.
The PdCl2 are less likely in the smallest cavities, as they imply a larger perturbation in the
scaffold. The presence of Cl negatively affects the activity, since it lowers the d -band position of
the Pd levels (Table A.11) and it would be necessary to cleave Pd-Cl bonds (energetically more
favorable than cleavage of Pd-N bonds) to adsorb reactants. Furthermore, the incorporation of
2+

Mg

in the subsurface vacancy of PTI and PHI steadily propels the Pd species to the surface,

which would be expected to positively influence the activity. Ab initio molecular dynamics
(MD) simulations were conducted on Pd@GCN, highlighting the high stability of this system.
Upon increasing the temperature, the Pd atoms are observed to fluctuate between the surface
(less oxidized) and subsurface (more oxidized) configurations (Figure A.41). The stability of
the Pd SAHCs was further assessed in the presence of O2 or H2 , sampling the potential energy
surface with relevant intermediates (Figure A.42). In all cases, the adsorption of oxygen is
found to have a stabilizing effect. Two distinct scenarios are observed for the activation of
hydrogen, which is found to occur homolytically, resulting in improved stability of the single
atoms on PTI and PHI, but occurs heterolytically, slightly weakening the coordination of Pd
(by 0.24 eV), on GCN with smaller cavity. The adsorption energy of 2-methyl-3-butyn-2-ol was
probed, confirming the preferred interaction with surface sites (Table A.12).
4.3.4. Hydrogenation of Alkynes
The

catalytic

performance

was

evaluated

in

the

semi-hydrogenation

2-methyl-3-butyn-2-ol, which is an important reaction in fine-chemical manufacturing.

of
[148]

Despite comparable metal contents of the examined SAHCs, Pd@LMO exhibits a significantly
higher conversion (52%) than other catalysts (Pd@GCN, 33%; Pd@PTI, 11%; Pd@PHI, 7%)
(Figure 4.5a). Under the conditions investigated, the selectivity towards 2-methyl-3-buten-2-ol
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Figure 4.5. a) Conversion and selectivity to 2-methyl-3-buten-2-ol in the hydrogenation of 2-methyl3-butyn-2-ol of Pd SAHCs based on carbon nitride scaffolds of different lattice structure. b) Correlation
of the rate of 2-methyl-3-buten-2-ol formation with the palladium average oxidation state. This
trend was generalized by considering additional Pd SAHCs based on carbon nitrides with different
morphology and ion-exchanged form and the nanoparticle based catalyst on a mesoporous carbon
nitride host. The metal loading was ca. 0.5 wt.% in all cases. Characterization data of the additional
samples are shown in Table A.10. c) The relative rate (r /r0 ) as a function of time-on-stream over Pd
SAHCs based on different carbon nitride scaffolds.

approaches 100% over all samples, evidencing the high chemoselectivity of isolated single
atoms. As presented in Figure 4.5b, the rate of alkenol (2-methyl-3-buten-2-ol) formation is
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well correlated with the average oxidation state of palladium (Pdavg ). For instance, the rate
1 1
over Pd@LMO with the lowest Pdavg of 2.86 reaches 311 molalkenol molPd h , which is
1 1
more than five times higher than that observed over Pd@PHI (57 molalkenol molPd h ) with
a Pdavg of 3.68. These findings suggest the critical role of tuning the electronic properties
of the host structure in tailoring the strength of metal–host interaction. The stability
of the SAHCs was further evaluated in continuous mode in order to exclude the effects
of deactivation due to Pd leaching or aggregation. Importantly, all Pd SAHCs display a
constant rate towards 2-methyl-3-buten-2-ol formation for 5 h on stream with no variation in
conversion or selectivity (Figure 4.5c). As additional references, four SAHCs based on GCN
were specifically prepared from different precursor (dicyandiamide (DCDA)) and different
morphology (exfoliated, mesoporous and ordered mesoporous carbon nitride (denoted as
ECN, MCN and OMCN)) (Table A.10). Impressively, the rates towards 2-methyl-3-buten-2-ol
also fall in the same correlation, despite presenting distinct morphology and single-atom
distribution. Although it cannot be assessed by standard techniques, the abundant -NHx
terminations over the oligomer were suggested to improve the accessibility of the active Pd
centers. Analysis of the used catalysts confirms the virtually identical atomic dispersion
(Figure 4.3), electronic properties (Figure A.43 and Table A.13) and crystalline structure
(Figure A.44) compared to the fresh materials, verifying the stability of the SAHCs. For
reference, the traditional catalyst for the liquid-phase selective hydrogenation of alkynes based
on supported lead-modified palladium nanoparticles (Lindlar catalyst, 5 wt.% Pd, 3 wt.%
Pb/CaCO3 ) was evaluated as a benchmark. While this catalyst yields a slightly higher rate
1 1
towards 2-methyl-3-buten-2-ol (517 molalkenol molPd h ), it exhibits significantly reduced
selectivity (78% to 2-methyl-3-buten-2-ol) due to over-hydrogenation (22% selectivity to
2-methyl-3-butan-2-ol). This further highlights the superior performance of the SAHCs (%95%
selectivity to 2-methyl-3-buten-2-ol). To address the impact of magnesium incorporation on
the catalytic performance, 0.5 wt.% Pd was introduced into PTI-Mg and PHI-Mg (Table 4.1,
Figure A.34 and Figure A.45). The alkenol formation rates over Pd@PTI-Mg and Pd@PHI-Mg
1 1
are 102 and 94 molalkenol molPd h , respectively, which is 1.2 and 1.6 times better compared
2+

to those without Mg

incorporation, while the selectivity towards 2-methyl-3-buten-2-ol is
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100% all samples. Again, the reaction rates also correlate with the palladium average oxidation
state (Figure 4.5b), which further demonstrates the impact of tuning metal–host interaction
by tailoring the electronic properties of carbon nitride scaffolds. For comparative purposes, a
nanoparticle-containing catalyst based on a mesoporous carbon nitride host (Pd NPs-MCN,
with average Pd oxidation state of 2.7; see STEM image in Figure A.46) was prepared.
Evaluation of this material evidenced a lower rate towards 2-methyl-3-buten-2-ol than the
expected trend (Figure 4.5), which is consistent with the different metal speciation in this
catalyst. The charged nature of metal species led us to reflect on the suitability of the oxidation
state for hydrogenation, prompting us to explore C-C couplings as reported in Chapter 5.

4.4. Conclusions
This study demonstrated the obtainment of SAHCs on three previously unreported carbon
nitride scaffolds, namely linear melem oligomers poly(triazine imides) and poly(heptazine
imides). The larger cavity size and presence of chloride ions in the polyimide structures
facilitate the accommodation of palladium and enhance the metal–host interaction and thus
higher resistance to sintering. An inverse correlation is observed between the activity for
semi-hydrogenation of 2-methyl-3-butyn-2-ol and the degree of oxidation of palladium, where
the oligomers exhibit the highest activity. This was further generalized over additional materials,
reported in Chapters 2 and 3, highlighting the critical importance of controlling the oxidation
state of isolated metal atoms. The intercalated alkaline metals within the network of PTI and
PHI were demonstrated to be able to exchange with other ions such as magnesium, presenting
another opportunity to tune the catalytic performance in hydrogenation. In agreements with
2+

the findings of Chapter 3, the least oxidized surface Pd
4+

active than the Pd

species are suggested to be more

species that reside deeper in the material; however, this high positive

charge can also appear if some ligand remains as PdN2 Cl2 coordination appears. The findings
provide an opportunity to systemically design effective SAHCs to boost the atom efficiency at
an atomic level by constructing the host lattice structure.

Chapter 5
Single-Atom Catalysts Surpassing
Homogeneous Systems in Suzuki
Coupling
5.1. Introduction
Palladium-catalyzed cross-coupling reactions, central tools in fine-chemical synthesis,
predominantly employ soluble metal complexes despite recognized challenges with product
purification and catalyst reusability.

[149–151]

Attempts to tether these homogeneous catalysts

on insoluble carriers have been thwarted by suboptimal stability, which leads to a progressively
worsening performance due to metal leaching or clustering.

[152]

The alternative application of

supported Pd nanoparticles has faced limitations because of insufficient activity under the mild
conditions required to avoid thermal degradation of the substrates or products. Single-atom
heterogeneous catalysts lie at the frontier.

[15,26,38,39,41,49,91,94,106,112,153–156]

In this Chapter, we

show that the Pd atoms anchored on exfoliated graphitic carbon nitride (Pd@ECN) capture
the advantages of both worlds, as they comprise a solid catalyst that matches the high
chemoselectivity and broad functional group tolerance of state-of-the-art homogeneous catalysts
for Suzuki couplings, and also demonstrate a robust stability in flow. The adaptive coordination
environment within the macroheterocycles of ECN facilitates each catalytic step. The findings
illustrate the exciting opportunities presented by nanostructuring single atoms in solid hosts
for catalytic processes that remain difficult to heterogenize.

5.2. Experimental
5.2.1. Catalyst Preparation
A bulk graphitic carbon nitride material (BCN) was prepared by calcining dicyandiamide
1
(10 g) at 823 K (2.3 K min ramp rate) in a crucible for 4 h under a nitrogen flow
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3
1
(15 cm min ). The ECN carrier was obtained via the thermal exfoliation of BCN (2 g)
1
at 773 K (5 K min ramp rate) for 5 h in static air. The mesoporous form (MCN) was

prepared by calcining cyanamide with SiO2 nanoparticles applied as the hard templates.

[106]

Palladium was introduced via microwave-irradiation-assisted deposition. The carrier (0.5 g)
3

was first dispersed in H2 O (20 cm ) under sonication for 1 h. Then, an aqueous solution of
3

Pd(NH3 )4 (NO3 )2 (5 wt.% Pd, 0.05 cm ) was added dropwise and stirred overnight. Afterwards,
the resulting solution was placed in a microwave reactor (CEM Discover SP), with a cyclic
program of 15 s irradiation and 3 min cooling with 20 repetitions using a power of 100 W. The
resulting powder was collected by filtration, washed with distilled water and ethanol, and dried
at 333 K overnight.
5.2.2. Catalyst Characterization
ICP-OES, XRD, Ar sorption, and XPS were performed as described in Chapter 2 and
DRIFTS analysis is described in Chapter 4. Thermogravimetric analysis was performed in a
3
1
Mettler Toledo TGA/DSC 1 Star system in air (40 cm min ), heating the sample from 298 K
1
to 1273 K at a rate of 5 K min . Conventional STEM imaging and EDX measurements
were performed on a Talos F200X instrument operated at 200 kV and equipped with an
FEI SuperX detector. AC-STEM was performed using an FEI Titan Cubed (Thermo Fisher
Scientific) microscope operated at 300 kV and equipped with a high-brightness XFEG electron
source and a CEOS aberration corrector for the probe-forming lenses. Additional AC-STEM
performed at an accelerating voltage of 60 kV used an ARM300CF (JEOL) microscope equipped
with a cold field emission electron source and a JEOL ETA corrector for the probe-forming
lenses, located in the electron Physical Sciences Imaging Centre (ePSIC) at the Diamond Light
1

Source. H (proton-decoupled) NMR spectra were recorded at room temperature on a Bruker
500 MHz spectrometer equipped with a DCH cryoprobe, on dissolution of the homogeneous
catalyst in CHCl3 . Chemical shift values are reported in parts per million downfield using
the residual solvent signals (CHCl3 ) as an internal reference. X-ray absorption spectroscopy
(XAS) was conducted at the X10DA (Super XAS) 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

Single-Atom Catalysts Surpassing Homogeneous Systems in Suzuki Coupling

size of 500

75

Ö 100 µm (horizontal Ö vertical) using a Pt-coated toroidal bent mirror. Data

were acquired from pressed pellets at the Pd K-edge in transmission mode, using two Ar-filled
ionization chambers placed before and after the pellet. For the absolute energy calibration, a
Pd foil was measured simultaneously between the second and a third ionization chambers. 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.
1
from 3 to 12 Å .

[157]

Fourier transformations were performed

5.2.3. Catalyst Testing
The continuous-flow Suzuki coupling reactions were conducted in a tubular or fixed-bed
microreactor (Figure A.57). For the homogeneously catalyzed reactions, the aryl bromide
(1 mmol), boronic ester (1.5 mmol), potassium carbonate (3 mmol), triphenylphosphine ligand
(0.3 mmol) and catalyst (0.1 g (Pd(PPh3 )4 , Pd(dtbpf)Cl2 or Pd(OAc)2 ) were dissolved in
3

3

a mixture of dimethoxyethane (DME) (1.5 cm ) and water (4.5 cm ), and the mixture
3
1
3
was pumped at a flow rate of 0.02 cm min through a Hastelloy coil reactor of 10 cm
internal volume. In the stability test, these quantities were scaled up 20 times. Prior to the
1

reaction, the purity of the investigated homogeneous catalysts was confirmed by H NMR
spectroscopy (Figure A.63). In the case of heterogeneously catalyzed reactions, the catalyst
(0.1 g (Pd@ECN, PdAc-MPES/SiO2 , Pd-Pb/CaCO3 or Pd/C) for the kinetic experiments
and 0.3 g (Pd@ECN, PdAc-MPES/SiO2 , Pd-Pb/CaCO3 or Pd/C) for the high-conversion
experiments, with particle size between 0.2 and 0.4 mm) was packed in a quartz column reactor
(0.66 cm internal diameter) and the mixture of the aryl bromide (1 mmol), boronic ester
(1.5 mmol), potassium carbonate (3 mmol) and triphenylphosphine ligand was pumped through
3
1
the column at a flow rate of 0.01–0.2 cm min . In both cases, the reaction was performed
under the following conditions: temperature T = 323–413 K, pressure P = 2–10 bar and
residence time τ = 1–15 min. To confirm the absence of leaching, the product solution from the
reaction over Pd@ECN was recirculated through a cartridge that contained inert silica particles,
which revealed no additional transformation. Batch experiments were undertaken in quartz
3

reactors approximately 12 cm in diameter, into which the aryl bromide (1 mmol), boronic
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ester (1.5 mmol), potassium carbonate (3 mmol), triphenylphosphine ligand (0.3 mmol) and
the homogeneous or heterogeneous catalyst (0.05 g) were charged. The solids were dissolved or
3

3

dispersed in a mixture of DME (1.5 cm ) and water (4.5 cm ). The reaction was performed at the
following conditions: temperature T = 368 K, pressure P = 1 bar and reaction time t = 12 h. For
batch experiments, the heterogeneous catalyst was removed by filtration of the solution prior to
analysis. The reaction aliquot was analysed as such. Liquid chromatography–mass spectrometry
analyses were performed with an analytical Agilent G4220A pump coupled with a Thermo MSQ
Plus mass spectrometer (electrospray ionization (ESI+)) and ELSD Sedere Sedex 90 on the
Zorbax RRHD SB-Aq column from Agilent Technologies. HPLC analytical purifications were
performed with a Waters Symmetry Shield RP18 column and an acetonitrile/water mobile
phase.
5.2.4. Computational Methods
DFT simulations were performed using the Vienna Ab initio Simulation Package code.

[73,158]

Ö

ECN systems were modelled as four-layer slabs and a 2 2 unit cell was used with a k -point

ÖÖ

sampling of 3 3 1. The slabs were separated by 16 Å of vacuum, employing a dipole correction.
The functional used during the simulations was generated at the Perdew–Burke–Ernzerhof level
of approximation.

[140]

The inner electrons were replaced by projector augmented waves.

[76]

The

valence electrons included were 16 for Pd, 5 for N, 4 for C, 6 for O, 3 for B, 7 for Br and K and
a single electron for H. A plane wave basis set was used with a kinetic energy cut-off of 450 eV.
The D3 approach was used to introduce the van der Waals contributions.

[117]

states were located using the climbing image nudged elastic band algorithm.
two explicit water molecules agrees with previous computational results.

[160]

The transition
[159]

The use of

The contribution

of vibrational entropies did not modify the reaction profiles for Suzuki coupling reactions. Ab
initio molecular dynamics was employed to address the temperature effects on the Pd@ECN
system. Each run comprised 500 heating steps with ∆T = 100 K, followed by 500 equilibration
steps at a constant temperature. This cycle was repeated five times, from 0 to 500 K. The
total simulation was 10 ps with a 2 fs step. All the structures have been uploaded to the
ioChem-BD

[142]

database and can be retrieved at https://doi.org/10.19061/iochem-bd-1-76.
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5.3. Results and Discussion
5.3.1. Catalyst Properties
Palladium atoms isolated in graphitic carbon nitride exhibit, at first glance, coordination
spheres closely resembling those of typical homogeneous C–C coupling catalysts, which
include Pd(OAc)2 (palladium acetate), Pd(PPh3 )4 (tetrakis(triphenylphosphine)palladium)
and Pd(dtbpf)Cl2 (1,1-bis(di-tert-butylphosphino)ferrocene dichloropalladium(II)), and to
palladium acetate anchored on silica functionalized by 3-mercaptopropyl ethyl sulfide
(PdAc-MPES/SiO2 ), one of the most successful commercial heterogeneous catalysts for Suzuki
couplings (Figure 5.1).

Figure 5.1. Schematic illustration of the homogeneous and heterogeneous palladium catalysts studied
in the Suzuki reaction.

Comparatively, common heterogeneous palladium catalysts based on supported
nanoparticles, such as Pd/C or even strongly modified Lindlar-type Pd–Pb/CaCO3 , feature
very different geometric and electronic properties. Microwave-irradiation-assisted deposition
was used to introduce palladium on ECN, a pristine high-surface form of graphitic carbon
nitride obtained by thermal exfoliation without alteration of the carrier structure (Figure A.52).
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The sole presence of isolated palladium atoms is confirmed by AC-STEM (Figure 5.2a and
Figure A.53) and extended X-ray absorption fine structure spectroscopy (EXAFS) (Figure 5.2c).
A quantitative analysis of the atom positions in the high-angle annular dark-field images
highlights the good match between the measured nearest-neighbour distances and the calculated
Rayleigh distributions for a random distribution over the host (Figure 5.2a). Elemental mapping
supports the uniform concentration of Pd over the carrier particle, and additional imaging on
a standard microscope confirms the absence of nanoparticles (Figure A.54). Consistently, no
Pd–Pd bond was detected based on analysis of the XAS; the two peaks centered at 1.07 and
1.55 Å confirm the coordination of palladium to nitrogen, and possibly to carbon, in the host.
The electronic properties of the Pd atoms incorporated in the ECN were probed by XPS.

Figure 5.2. a) and b) AC-STEM images of the fresh and used Pd@ECN (used 15 h) catalyst,
respectively, and the corresponding nearest neighbor (NN) distances of the Pd atoms. The red lines
indicate the Rayleigh distribution expected for a random distribution of points in the same area,
confirming the single-atom nature of Pd@ECN. c) Fourier transformed magnitudes of the experimental
2

k -weighted EXAFS spectra. d) Pd 3d core level XPS spectra of the catalyst in fresh and used form. In
d) the black lines show the fitted result of the raw data (open circles), whereas the orange and purple
lines corresponding to the deconvoluted components. The dashed gray lines indicate the position of
4+

the assigned Pd

and Pd

2+

species.

Consisted with Chapters 3 and 4, the Pd 3d 5/2 spectra can be deconvoluted into two positively
charged Pd species, tentatively assigned to Pd

2+

4+

at 336.5 eV and Pd

at 338.3 eV based on a
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comparison with database values, with a Pd /Pd
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ratio of 0.82 (Figure 5.2d). The observed

shifts can be caused partially by the isolated nature of the atoms as the Bader computed
-

charge is 0.5 ¶e ¶.

[138]

However, no bulk metallic signature appeared at 334.9 eV, in line with

the absence of palladium nanoparticles in Pd@ECN evidenced by microscopy.
5.3.2. Suzuki Coupling
The performance of the Pd@ECN was initially evaluated in the continuous Suzuki
coupling of bromobenzene with phenylboronic acid pinacol ester under optimized conditions
(Figure A.55), and benchmarked with the homogeneous and heterogeneous catalysts
(Table 5.1). Pd@ECN proved to be a very effective catalyst that displayed a reaction rate
1
1
of 0.57 mmolproduct min gcat towards biphenyl (63% conversion, 90% selectivity and 56%
purified yield), which outperformed all of the investigated homogeneous catalysts. Among
1
1
these, only Pd(PPh3 )4 demonstrated a similar performance (0.49 mmolproduct min gcat (56%
conversion, 88% selectivity and 41% purified yield)), whereas Pd(dtbpf)Cl2 and Pd(OAc)2
1
1
exhibited only minor rates to the desired product (0.03 and 0.06 mmolproduct min gcat ,
respectively). Comparatively, the grafted PdAc-MPES/SiO2 catalyst showed a moderate
1
1
performance (13% yield and 0.17 mmolproduct min gcat ). In contrast, Pd/C (1 or 20 wt.% Pd),
which has been reported to efficiently catalyse the Ullmann homocoupling of aryl halides,

[161]

was found to be inactive. Similarly, attempts to use Pd-Pb/CaCO3 (5 wt.% Pd and
3 wt.% Pb), the dominant industrial catalyst for liquid-phase semi-hydrogenation reactions,
were unsuccessful. Based on the total metal content, the turnover frequency (TOF ) of Pd@ECN
1
(549 h ) surpasses all the other catalysts by an order of magnitude (Figure 5.3a). Impressively,
in terms of TOF, Pd@ECN outperforms all the other catalysts reported for the reaction of aryl
bromides with phenylboronic acid pinacol ester derivatives (Table A.14). A higher conversion
could be achieved by increasing the catalyst amount without a significant loss of selectivity
(Figure A.56).
A major advantage of using Pd@ECN lies in its leaching resistance, which is clearly
confirmed by the stable performance in continuous mode and corroborated by additional
tests (Figure A.57). This avoids complications of determining the nature of the active site
faced in the batch mode.

[162]

Importantly, the tests evidence a constant rate towards biphenyl
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Figure 5.3. a) Reaction scheme of Suzuki coupling of bromobenzene with phenylboronic acid pinacol
ester. b) The relative rate (r /r0 ) as a function of time-on-stream over Pd@ECN and time over
Pd(PPh3 )4 catalysts.

formation for over 13 h on stream with no variation in conversion or selectivity (Figure 5.3b).
Consistently, analysis of the used catalyst confirms the virtually identical amount (Table 5.1),
dispersion (Figure 5.2b and Figure A.53) and electronic properties (Figure 5.2d) of Pd
to the fresh Pd@ECN. This agrees with the high barrier (%2 eV) predicted for leaching
(Pd + 4PPh3

 Pd(PPh ) ). Though it is not possible to evaluate the stability of the
3 4

homogeneous catalyst equivalently, to shed light on this aspect the Pd(PPh3 )4 was aged in a
Table 5.1. Evaluation of the catalysts in the C-C coupling.
Sample

Pd / wt.%

X /%

S /%

c
1
1
r / mmol min gcat

Pd@ECN

0.66 (0.60)

63

90

0.57

549

Pd(PPh3 )4

9.2

56

88

0.49

34

Pd(dtbpf)Cl2

16.4

4

86

0.03

1.3

Pd(OAc)2

47.4

8

79

0.06

0.9

1.90 (0.60)

21

79

0.17

56

e

0

-

0

0

e

0

-

0

0

0

-

0

0

a

PdAc-MPES/SiO2
Pd-Pb/CaCO3

5

Pd/C

1

Pd/C

20

a

e

b

b

d

TOF / h

1

ICP-OES (values in parentheses indicate the metal content of the used heterogeneous Pd

catalysts after evaluation in the library of continuous-flow Suzuki couplings reported in
b

c

Figure 5.4). Determined by HPLC (X, conversion; S, selectivity). Rate of biphenyl formation
d

e

per gram of catalyst. Turnover frequency. Nominal value.
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mixture with the reagents for different durations prior to reaction. Significant activity loss was
observed after just two hours, and a characteristic color change (from red to black) evidenced
degradation of the catalyst via metal deposition, which highlights the challenge of using
homogeneous catalysts for Suzuki couplings at a large scale. Comparatively, the heterogeneous
PdAc-MPES/SiO2 catalyst suffered from serious metal leaching that resulted in about a 70%
loss of Pd (Table 5.1 and Figure A.58).
The scope of Pd@ECN was further explored in the coupling of partner substrates, which
included aryl, alkyl, alkenyl and heteroaromatic compounds (Figure 5.4). The isolated Pd
atoms afforded excellent purified yields to the desired products (24–73%), and outperformed
(with a few exceptions) the homogeneous Pd(PPh3 )4 counterparts. The fact that all coupling
reactions were conducted over the same cartridge also highlights the exceptional stability of
this catalyst. Further insights into the performance were obtained by assessing the influence
of the metal content (Table A.15). The rate of product formation showed an expected linear
1
1
increase (from 0.22 to 0.57 mmolproduct min gcat ) with the palladium amount (from 0.25 to
1
1
0.66 wt.%), but then decreased to 0.32 mmolproduct min gcat at 1.25 wt.% Pd. A comparison
1
on a metal basis revealed similar TOF s between 0.25 and 0.66 wt.% Pd (558 and 549 h ,
respectively), which confirms the equivalence of the additional sites in the latter sample.
1
However, a significantly reduced TOF (163 h ) was observed on increasing the Pd content
to 1.25 wt.%. This observation suggests the formation of some clusters at this metal content,
which further demonstrates the advantages of isolated single atoms over standard heterogeneous
catalysts based on metal nanoparticles. To ascertain the impact of the host structure, an
additional single-atom heterogeneous catalyst was prepared based on a mesoporous carbon
nitride (Pd@MCN), which also displayed a high selectivity and stability, but was less active
than Pd@ECN (Table A.16). The inferior performance is tentatively linked to the increased
structural disorder exhibited by MCN compared to ECN (Figure A.52). The results were also
generalized by conducting reference batch experiments, the custom mode for Suzuki coupling
1
reactions to date. A TOF of 1.9 h (corresponding to a conversion of 7%) was obtained
with 0.66 wt.% Pd, which is comparable to other reported homogeneous catalysts in the same
reaction (Table A.14).
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Figure 5.4. Yield (bars) and selectivity (symbols) to the desired products (entries 1-10) over Pd@ECN
(green) or Pd(PPh3 )4 (blue). The newly formed C-C bonds are indicated in red in the products.
Reaction conditions as indicated in Figure 5.3.

5.3.3. Density Functional Theory and Molecular Dynamic Simulations
To understand the promising C–C coupling performance of Pd@ECN, we performed DFT
and MD calculations. These focused on the ideal crystalline structure of graphitic carbon nitride
as alternative binding sites that resulted in a lower adsorption affinity for the metal or were
incompatible with the observed C/N ratio in the scaffold (Figure A.59 and Table A.17). The Pd
atoms were found to be slightly off center from the sixfold N-coordination sites in the lattice due
to the positively polarized N atoms and partially aromatic heptazine cores. Molecular dynamics
simulations conducted at different temperatures show that, though the Pd atoms have some
degree of freedom, they remain confined within a given cavity, which is consistent with the high
stability of the catalyst. Interestingly, in agreement with the experimental XPS observations,
two preferred positions are identified, one with the Pd atom located close to the surface plane
and a second, favored at higher temperatures, in which the metal sits between the two top
planes. In the surface plane, the DFT-calculated XPS binding energies indicate a less-oxidized
state, whereas a positive shift (by 2.5 eV) is evidenced in the subsurface pocket.
To search for the reaction path, we applied DFT (Figure 5.5). At the beginning of the
reaction cycle, the coordination number of palladium to the lattice is close to six, and was thus
normalized to this value (normalized coordination number, NCN). This structure molecularly
adsorbs bromobenzene (state a in Figure 5.5a) and presents a low barrier for activation (TS1,
0.11 eV); the relevant energies and the changes in Bader charges are presented in Table A.18.

Single-Atom Catalysts Surpassing Homogeneous Systems in Suzuki Coupling

83

The reaction is exothermic by more than 1 eV, which leads to a configuration (state b in
Figure 5.5a) in which the Pd reduces its coordination to the lattice N sites to 3.2. This adaptive
coordination appears in several steps and is crucial to the observed catalytic performance. Then,
the adsorption of hydrated (two water molecules) potassium phenylboronate acid pinacol ester
occurs (state c in Figure 5.5a). This process is thermoneutral and the cation from the salt ends
up in a nearest-neighbour empty cavity, which decreases the coordination number with the
–

scaffold to NCN = 2.8. This configuration allows the displacement of Br , a step that presents
a relatively small barrier (0.5 eV). The process is slightly exothermic as Pd recovers part of
–

the coordination to the lattice (NCN = 3.3). The displacement of Br allows the coordination
of phenylboronate pinacol ester, an intermediate that resembles the organometallic structure
reported by Thomas et al.

[163,164]

The subsequent transmetallation step occurs with a barrier of

1.3 eV and is rate determining in the reaction (Figure 5.5b). This parallels the well-documented
0

2+

Pd /Pd

cycle reported in the traditional homogeneous catalysts and nanoparticulate systems,
2+

4+

and thus a similar mechanism is expected. In contrast, in the alternative Pd /Pd
oxidative addition is rate limiting.

[165]

cycle the

The transmetallation is almost thermoneutral and leads

to intermediate A3, in which the Pd is again poorly coordinated to the matrix (NCN = 2.6).
The boronic acid pinacol ester can then be eliminated from the surface (state d in Figure 5.5a),
which leads to an increase in NCN = 3.0. Finally, the C-C bond is formed through TS4 with
a barrier of 0.7 eV. This process is exothermic by about 1 eV, and in the bisphenyl adsorbed
state the coordination of Pd remains low (NCN = 3.0). The elimination of the product to the
gas phase is endothermic and restores the initial coordination of the Pd atom.
The overall picture closely follows the molecular mechanism (Figure A.60) with just a few
differences.

[160,166–168]

The Pd(PPh3 )4 catalyst requires the elimination of two ligands to open

the coordination sphere prior to reaction (reference state a in Figure 5.5a) and a third one during
the transmetallation step (TS3). As entropic contributions are not considered,

[169]

the reaction

profile for Pd(PPh3 )4 is shifted towards higher energies, similar to the case of an isolated Pd
atom in vacuum. In addition, varying the temperature has limited impact on the reaction profile
(Figure A.61). The lability of ligands in the homogeneous systems is essential, but also increases
the propensity of metal aggregation, consistent with the rapid catalyst degradation observed for
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Figure 5.5. a) Energy profiles of the Suzuki coupling of bromobenzene with phenylboronic acid
pinacol ester over Pd@ECN, Pd(PPh3 )4 and an isolated Pd atom. The complete reaction paths are
shown in Figure A.60. b) The transmetallation step (A2 to A1) for the indicated configuration of
Pd@ECN (top) and Pd(PPh3 )4 (bottom). c) Contour plot of the interatomic Pd-N distances for each
N coordination site (schematically identified in the bottom right). The intermediate and transition
states indicated in a. The detailed values are shown in Figure A.64. Color code in b) green - Pd,
gray - C, blue - N, white - H, red - O, pink - B.

Pd(PPh3 )4 . Alternatively, if the ligand–metal interaction is too strong, then the organometallic
catalyst is poorly active as activation implies ligand removal. In the ECN scaffolds, the two terms
are modulated in a versatile way: (1) the N sites fulfil the function of the ligands in homogeneous
systems that provide the electronic density required for the activation of phenylbromide and
(2) the flexible lattice enables an almost continuously variable coordination pattern that adapts
to the charge on palladium along the reaction coordinate, which gives rise to the high stability
(Figure A.62). Comparison of the variation in the Bader charge of Pd in Pd@ECN shows that
-

this remains similar along the entire pathway in the range 0.4–0.7 ¶e ¶ (Table A.18). In contrast,
significant changes are observed for the homogeneous catalyst during the oxidative addition
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-

(state a to state b from –0.26 to 0.25 ¶e ¶) and the reductive elimination (transmetallation
-

step A3 to the products from 0.29 to –0.26 ¶e ¶). Though the formal oxidation state cannot
be directly assigned, given the classical picture of formal oxidation states this can be mapped
0

2+

to the Pd /Pd

cycle. Further improvements in microscopy and spectroscopy techniques to

enable operando monitoring will undoubtedly bring valuable further insights into the changes
in the chemical environment and binding of the metal atom during the reaction cycle.

[170]

5.4. Conclusions
In conclusion, a stable heterogeneous single-atom palladium catalyst based on exfoliated
graphitic carbon nitride has been identified for Suzuki coupling. This material surpasses the
performance of state-of-the-art homogeneous catalysts and conventional heterogeneous catalysts
based on nanoparticles or grafted molecular complexes, without evidencing metal leaching or
aggregation after the reaction. The enhanced properties could be explained at the molecular
level, which reveals the pivotal role of the carbon nitride host, which, in addition to enabling
an adaptive coordination of the palladium, participates in the adsorption, stabilization and
activation of the substrates and intermediates. The possibility to mimic the beneficial functions
of the ligands in metal complexes in an extended scaffold is advantageous as it avoids the risk
of catalyst deactivation associated with their necessary lability. Given the range of possibilities
to tailor the composition and framework structure of carbon nitride and related materials,
the findings highlight the wide technological potential of single atoms stabilized in appropriate
hosts to enable the heterogenization of challenging chemical processes, making the manufacture
of fine chemicals and pharmaceuticals more sustainable.

Chapter 6
Atom-by-Atom Structure-Function
Relations over Low-Nuclearity Metal
Catalysts
6.1. Introduction
The dispersion of metals as tiny particles or clusters over high-surface-area hosts is common
practice in heterogeneous catalysis.

[171,172]

It provides a means to tune the geometric and

electronic characteristics compared to the bulk material while increasing the portion of atoms
exposed for the adsorption and transformation of a substrate. The structure sensitivity of
metal catalysts in different applications has primarily been investigated by controlling the
size and/or shape of relatively large supported nanoparticles (% 1 nm).

[173,174]

In this range,

size-dependent behavior can mainly be assigned to changes in the relative amounts or different
surfaces and consequent distinctions in the electron densities around edge and defect sites.
Moving to subnanometer dimensions alters these properties because of both increased electron
confinement and interaction with the host material.

[7]

This non-scalable regime originates a

non-linear variation of reactivity patterns that widens the applicability of metal catalysts. At
the ultimate limit, the use of single-atom heterogeneous catalysts is rapidly expanding due to
advances in their synthesis and characterization facilitated by their more readily distinguishable
microscopic features.

[24,175]

While isolated atoms display attractive characteristics with respect

to nanoparticles in some reactions,

[49]

they are not always the preferred structural unit.

[174,176]

In

this regard, understanding the atom-by-atom behavior of low-nuclearity clusters is fundamental,
but addressing this still presents numerous challenges.
Pioneering surface science approaches used model systems to derive trends with cluster
size in reactions involving simple substrates, such as CO oxidation,
dehydrogenation,

[178]

O2 reduction,

[179]

and propene epoxidation.

[180]

[176,177]

propane oxidative

These works suggest that
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the addition or removal of a single atom can control the catalytic response.

[22]

However, the

preservation of the nuclearity post-deposition and during application lacks direct evidences
and is the major concern. Alternative synthetic strategies mainly involve the wet deposition
of metal complexes of the desired number of atoms.
supported on Fe2 O3

[183]

and WO3

[184]

[181–185]

In this way, iridium dimers

were shown to exhibit enhanced water photo-oxidation

performance compared to Ir atoms or nanoparticles, by reducing the energy barrier for the
third proton-coupled electron transfer step in the catalytic cycle. Similarly, Fe, Pd and Ir
dimers were immobilized on carbon nitride

[182]

Only the iron-based catalysts were active in

the targeted epoxidation of trans-stilbene and dimers yielded superior performance to atoms.
In one of few studies on metal trimers, Ru3 stabilized on nitrogen-doped carbon was found to
efficiently catalyze the selective oxidation of alcohols.

[185]

Despite this progress, the mechanistic

origin of the enhanced activity remains poorly understood. Furthermore, the lack of systematic
assessment of the dynamics of the catalyst and its long-term stability under the reaction
conditions is of major concern.
By extending the platform of advanced experimental and theoretical approaches, introduced
in Chapter 5, including AC-STEM, XPS, XAS, DFT and Born–Oppenheimer molecular
dynamics (BOMD), this Chapter elucidates the structure of three catalysts with distinct
nuclearity (Pdx , x = 1, 2, 3) on an exfoliated carbon nitride (ECN) host. This enables
rationalization of their catalytic behavior in the semi-hydrogenation of alkynes and Suzuki
coupling, chemical transformations of increasing complexity. To achieve this, we exploit the
multidentate coordination of the heteromacrocycles of carbon nitride (C3 N4 ) to accommodate
metal species of different nuclearity (Figure 6.1a). Although attractive for comparative
purposes, the controlled aggregation of Pd atoms via thermal treatment is unsuccessful
(Figure A.65). Alternatively, the deposition of dimeric and trimeric palladium complexes
appears a more promising strategy for the controlled introduction of low-nuclearity clusters
on ECN without alteration of the carrier structure (Figure A.66). Metal contents close to
the targeted value of 0.5 wt.% are achieved in all cases (Table A.20) as well as complete
decomposition of the precursor ligands (Figure A.67).
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Figure 6.1. a) Approaches to prepare low-nuclearity Pd catalysts based on carbon nitride. Broken
red arrows indicate unsuccessful routes. b)–d) AC-STEM images of the resulting catalysts with the
measured (gray bars), predicted by BOMD (purple shaded curves) and theoretical random (red curves)
NN distance distributions. Selected Pd atoms (blue circles), dimers (pink circles) and trimers (green
circles) are identified.

6.2. Experimental
6.2.1. Catalyst Preparation
Bulk graphitic carbon nitride was prepared by calcination of dicyandiamide (10 g) at 823 K
1
3
1
(2.3 K min ramp rate) in a crucible for 4 h under a nitrogen flow (15 cm min ). The
exfoliated carbon nitride carrier (ECN) was obtained via the thermal exfoliation of the resulting
-1

material (2 g) at 773 K (5 K min ramp) for 5 h in static air. In all catalysts, palladium was
introduced via microwave irradiation assisted deposition. To prepare Pd1 @ECN, the carrier
3

(0.5 g) was firstly dispersed in H2 O (20 cm ) under sonication for 1 h. Then, an aqueous
3

solution of Pd(NH3 )4 (NO3 )2 (5 wt.% Pd, 0.05 cm ) was added and stirred overnight. In the
case of Pd2 @ECN and Pd3 @ECN, a stoichiometric amount of the precursors (4.32 mg of allyl
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palladium chloride, dimer or 5.32 mg of palladium acetate trimer) was firstly dissolved in toluene
3

and added dropwise to the dispersion of ECN (0.5 g) in toluene (20 cm ) and stirred overnight.
The resulting solutions were placed in a microwave reactor (CEM Discover SP) and a cyclic
program of 15 s irradiation and 3 min cooling with 20 repetitions was applied using a power of
100 W. The powder was collected by filtration, washed first with distilled water and then with
1
ethanol, dried at 333 K overnight, and finally treated at 573 K (5 K min ramp rate) for 5 h
3
1
under a nitrogen flow (15 cm min ). The controlled aggregation of Pd1 @ECN was attempted
under different conditions. In a typical experiment, 20 mg of Pd1 @ECN was placed in a quartz
reactor and treated at 573 and 773 K under He or H2 O (30 vol.%) in He for 3 h with a total
3
1
flow of 30 cm min .
6.2.2. Catalyst Characterization
ICP-OES, XRD, Ar sorption, and XPS were performed as described in Chapter 2 and
DRIFTS analysis is described in Chapter 4. Samples for conventional STEM coupled with EDX
mapping was prepared and measure the same way as described in Chapter 2. AC-STEM was
performed using an ARM300CF (JEOL) microscope equipped with a cold field emission electron
source and a JEOL ETA corrector for the probe-forming lenses, located in the electron Physical
Sciences Imaging Centre (ePSIC) at the Diamond Light Source. Annular dark field (ADF)
imaging was performed at 60 kV with a convergence semi-angle of 30.5 mrad and a detector
inner semi-angle greater than 28 mrad, selected to enhance the signal from the carrier material.
Additional micrographs were obtained using an FEI Titan3 microscope equipped with a high
brightness X-FEG electron source and an aberration corrector for the probe-forming lenses
(CEOS), operated at 300 kV. ADF-STEM images were acquired with an illumination angle of
17 mrad and detector inner angle of 35 mrad, chosen to minimize any possible Bragg diffraction
contrast and maximize overall image signal, and especially atomic number (Z ) contrast between
Pd atoms/clusters and the underlying support. Per pixel dwell times of 510 µs and probe
currents 40-60 pA were selected to achieve sufficient signal-to-noise for single Pd atom visibility
while minimizing beam induced changes, providing images representative of the Pd atom species
and their distribution on the ECN host. The degree of atomic dispersion was measured by
quantifying the nearest neighbor distance of each atom and comparing the obtained distribution
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to that expected for a random dispersion. The areal density, λ, was calculated by summing the
number of atoms in a region of interest and dividing by the corresponding area. If atoms are
randomly distributed on a plane, then the atom locations will be described by a Poisson random
field. The probability distribution function (PDF) for the distribution of nearest-neighbor
distances (r ) should then follow a Rayleigh distribution as described in Equation 2.1. The degree
of atom clustering with respect to the distribution expected for a random scatter of points can be
examined by comparing the experimentally determined nearest-neighbor (NN) distances with
the Rayleigh distribution. CO chemisorption was performed using a Micromeritics Autochem II
2920 chemisorption analyzed coupled with a MKS Cirrus 2 quadrupole mass spectrometer. The
3
1
sample was pretreated in situ at 393 K under He flow (20 cm min ) for 60 min, and reduced
3
1
at 348 K under flowing 5 vol.% H2 /N2 (20 cm min ) for 30 min. TGA was conducted in a
Linseis PT1600 thermobalance connected to a Pfeiffer Vacuum ThermoStar GSD 320 T1 Gas
3
1
Analysis mass spectrometer. The analysis was performed in Ar (300 cm min ), heating the
1
sample in the range 298-973 K at a rate of 5 K min . X-ray absorption spectroscopy (XAS)
was conducted at the X10DA (SuperXAS) beamline of the Swiss Light Source as described in
3
1
Chapter 5. EXAFS fitting was performed in R-space using k weightings in the range 3-16 Å .
2

The amplitude reduction factor (S0 = 0.89) was determined from the fit of Pd foil. We modeled
the Pd-Pd and Pd-O/N scattering paths using the first coordination shells in the standard
structures of Pd and PdO. The fits of Pdx @ECN were performed together considering the same
Pd-Pd and Pd-O coordination distances and Debye-Waller factors. Table A.23 summarizes the
results of the EXAFS fits.
6.2.3. Catalyst Testing
The hydrogenation of alkynes was studied in a microwave reactor (CEM Discover SP) with
a pressure-controlled vessel under continuous stirring. In a typical reaction, the feed solution
3

containing the substrate (0.4 M) in toluene (1.5 cm ) was heated in the presence of the catalyst
(15 mg) for 60 min at 323 K. The initial hydrogen pressure was 3 bar in all experiments.
The resulting reaction mixture was filtered (pore size 0.45 µm) and the liquid products were
collected. The stability of the catalysts was assessed over five consecutive catalytic runs. After
each run, the catalyst was recovered by filtration, washed with ethanol and dried at 333 K.
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Error bars represent the standard deviation based on at least 3 independent catalytic tests. The
conversion (X ) of the substrate was determined as the amount of reacted substrate divided by
the amount of substrate added. The selectivity (S ) to each product 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. The continuous-flow
Suzuki coupling reaction was conducted in a fixed-bed microreactor. The catalyst (Pdx @ECN,
0.1 g) was packed in a quartz column reactor (internal diameter = 0.66 cm), and the mixture
of the aryl bromide (1 mmol), boronic ester (1.5 mmol), potassium carbonate (3 mmol), and
triphenylphosphine ligand was pumped through the column. The reaction was performed under
the following conditions: temperature T = 393 K, pressure P = 8 bar, residence time τ = 10 min.
The reaction aliquot was analyzed as such. Liquid chromatography-mass spectrometry (LC MS)
analyses were performed with an analytical Agilent G4220A pump coupled with Thermo MSQ
Plus mass spectrometer (ionization: ESI+), ELSD Sedere Sedex 90, on the Zorbax RRHD
SB-Aq column from Agilent Technologies. High performance liquid chromatography (HPLC)
analytical purifications were performed with a Waters Symmetry Shield RP18 column and an
acetonitrile/water mobile phase.
6.2.4. Computational Methods
DFT calculations were performed using the Vienna Ab initio simulation package code.
The functional of choice was Perdew-Becke-Ernzerhof (PBE)
introduced through the D3 approach.
augmented-waves (PAW)

[75,76]

[117,186]

[74]

[73,158]

with dispersion contributions

Inner electrons were described by projector

and the valence monoelectronic states expanded as plane waves

Ö

with a cutoff kinetic energy of 450 eV. Heptazinic (ECN) slabs were modeled using a 2 2
supercell comprising of four layers. Relaxation was allowed in the top three layers and followed
1
by 12 Å of vacuum. The k -points sampling was a Γ–centered 3 3 1 grid (0.3 Å ). A dipole

ÖÖ

correction was employed along the z direction.

[187]

The molecules were placed in a cubic box
5
4
of 15 Å sides. In all cases the optimization thresholds were 10 and 10 eV, respectively,
for electronic and ionic relaxations. Transition states were located following the climbing
image nudged elastic band procedure (CI-NEB).

[77,159]

Born–Oppenheimer molecular dynamics

(BOMD) was employed to address the temperature effects on the stability of the Pdx @ECN
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systems. BOMD were executed following the canonical ensemble formalism as implemented
by the Nosé algorithm.

[188–190]

Each simulation lasted 10 ps with a 2 fs step at 400 K. Pd 3d

core level shifts were computed for every twentieth sampled structure of the BOMD trajectory.
The corresponding XPS spectra were generated by assigning Gaussian bells to the computed
shifts, and summing over the sampled snapshots. The radial distribution function (RDF) was
generated using all 5000 (per Pdx @ECN system) snapshots. Using a Pd atom as the reference
(center) for the RDF, distances to all atoms present in the simulation box were calculated
taking into account the periodic boundary conditions. Atomic positions were represented by
Gauss curves. The procedure was repeated for all atoms in the ensemble (Pd1-3 ), and the
corresponding curves summed. All structures presented in this work and can be retrieved from
the ioChem-BD database

[142]

following the link: https://doi.org/10.19061/iochem-bd-1-122.

6.3. Results and Discussion
6.3.1. Catalyst Preparation and Characterization
AC-STEM imaging confirms the high metal dispersion in the Pdx @ECN catalysts. Although
features resembling dimers and trimers can be identified (Figure 6.1b–d, Figure A.68), several
factors hamper the clear visualization of these metal ensembles, not least their multiple and
varied orientations on the three-dimensional irregular structure of ECN and the dynamic
connection between these orientations (see below).

[72]

To gain more quantitative insights, we

adopted a statistical approach comparing the measured and theoretical (random dispersion)
nearest neighbor (NN) distance distributions between Pd atoms.

[106]

As expected in the presence

of isolated atoms these curves directly overlap in Pd1 @ECN (mean NN distance = 0.44 nm). In
contrast, a progressive shortening of the NN distances with respect to the random distribution in
both Pd2 @ECN (0.35 nm) and Pd3 @ECN (0.26 nm) agrees with a closer proximity of Pd centers,
approaching typical values for a PdPd bond. To avoid any effect of overlapping ensembles on
the measured distribution, samples with lower Pd contents (0.1 wt.%) were targeted to reduce
the areal density of metal species, evidencing similar trends (Figure A.69). The multidentate
sites of the carbon nitride scaffold can accommodate Pd moieties with various coordination
structures that are dynamically sampled.

[191]

Interestingly, the Pd-Pd distance distributions
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Figure 6.2. a) Measured and b) simulated Pd3d core level XPS spectra of the Pdx @ECN catalysts.
Ina), black lines show the fits of the raw data (open symbols), gray lines deconvolute the components
tentatively assigned to Pd
The Pd

2+

4+

/Pd

4+

(dashed) and Pd

2+

(dotted) species and blue lines show the background.

ratios are indicated in parenthesis. In b), colored lines represent each Pd atom in
2

the ensemble. c) Normalized k -weighted Fourier Transform of the EXAFS function of the Pdx @ECN
catalysts and reference compounds. d) Sum of the radial distribution functions over all the structures
generated during the BOMD runs, with the Pd atoms as the reference for Pdx @ECN. e) Snapshots
from the BOMD simulations illustrating distinct possible surface and subsurface configurations of
metal ensembles. Color code: green - Pd, pale blue - N and gray - C.

estimated by projection of the 3D structures simulated by BOMD on the xy plane closely
match those derived by AC-STEM (Figure 6.1b–d).
DFT calculations support the favorable stabilization of the dimers and trimers on ECN
following removal of the ligand. The formation energies per Pd atom, E form = 3.47, 0.92 and
1.37 eV for Pd1 @ECN, Pd2 @ECN and Pd3 @ECN, respectively (Table A.21), indicate a slightly
weaker interaction for the metal dimers and trimers than for single atoms (Figure A.70). The
possible dissociation of dimers into isolated atoms cannot be completely excluded, while for the
trimer this is less likely. Comparatively, both the agglomeration of single atoms to dimers and
of dimers to trimers are unlikely (Table A.22).
Chapters 3 and 4 have evidenced the cationic nature of Pd atoms isolated on ECN.

[138,192]

Similarly, analysis by XPS distinguishes two positively charged Pd species in the cases of
4+

Pd2 @ECN and Pd3 @ECN, which are tentatively assigned to Pd

2+

(338.5 eV) and Pd
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Figure 6.3. a) Variation in the rates of 2-methyl-3-buten-2-ol formation in the hydrogenation of
2-methyl-3-butyn-2-ol (depicted) over five sequential runs and b) the calculated reaction paths over
the surface configurations (with all atoms at the surface) of the Pd ensembles in Pdx @ECN. Color
code: green - Pd, gray - C, blue - N, red - O and white - H atoms. TS, transition state. c) Rates of
alkene formation in the hydrogenation of distinct functionalized alkynes (illustrated). The color code
for data points in a) applies to b) and c).
2+

4+

(336.9 eV) based on formal charges (Figure 6.2a). Nevertheless, the Pd /Pd

ratio varies

from 0.56 (Pd1 @ECN) to 0.61 (Pd2 @ECN) to 0.93 (Pd3 @ECN), evidencing a reduced degree of
oxidation with increasing nuclearity, which agrees with the predicted weaker interaction with
the host. Notably, the signal of bulk metal at 335.0 eV was not observed in any sample. The XPS
shifts simulated along the BOMD trajectories (Figure 6.2b) show that Pd atoms localized close
2+

4+

to the surface are less oxidized (Pd -like) than those residing in the subsurface (Pd -like) of
the C3 N4 structure.
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To gain further insight into the coordination environment of the Pd species, we investigated
the catalysts by XAS (Figure 6.2c, Figure A.71). The fitted results (Table A.23) of the extended
absorption X-ray fine structure (EXAFS) at the Pd K-edge reveal that the strong signal at
1.7 Åprimarily originates from the first coordination neighbor (N or O), with an associated
coordination distance of 2.019 Å. A similar Pd-N interaction appears in the radial distribution
functions (RDF, Figure 6.2d) of Pd calculated by BOMD. For Pd1 @ECN, BOMD shows that
the first coordination sphere is formed by N, but full bonding to all 6N in the cavity has low
probability. This reduces the average N (N or O for EXAFS) coordination number of Pd to
3.4



0.3 (EXAFS) and 4.3



0.9 (BOMD, Table A.24). Distortions of the scaffold and the

movement of Pd within the cavity yield a non-equidistant first coordination sphere even if
comprised solely of nitrogen (Figure A.72). For Pd2 @ECN and Pd3 @ECN the less pronounced
interaction with the scaffold lowers the average Pd-N coordination number to 2.5  0.3/3.8  0.8
and 2.8



0.3/2.3



0.7 for EXAFS/BOMD, respectively, due to the presence of Pd atoms

in the first coordination sphere (Figure A.69, Figure A.73). A small interaction between Pd
and C atoms is also observed by BOMD deriving from ensembles in subsurface positions.
Notably, no strong signal associated with Pd-Pd bonding is visible in any spectra. The reason
for this becomes apparent when inspecting the radial distribution functions extracted from
the BOMD trajectories. Due to the low nuclearity and wide Pd-Pd bond length variation
(Figure 6.1b–d), the dominant Pd-scaffold interactions strongly affect the metal-metal peaks.
Additionally, the fact that scattering signals generated by different Pd-Pd couples destructively
interfere because they are not in phase due to very broad bond-length distribution render their
detection by EXAFS almost impossible. CO adsorption was studied as a method to discriminate
the uniformity of the metal speciation, but it was not possible to detect by pulse chemisorption
measurements or IR spectroscopy (Figure A.74). This relates to the fact that the Pd ensembles
coexist in subsurface configurations (Figure 6.2e) in which the electron density of the scaffold
shields Pd preventing CO adsorption.
6.3.2. Catalytic Performance
All catalysts convert 2-methyl-3-butyn-2-ol into 2-methyl-3-buten-2-ol with high stability
and full chemoselectivity (100%) under the investigated conditions. Consistently, the oxidation
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Figure 6.4. Reaction paths of the coupling of bromobenzene with phenylboronic acid pinacol ester
over the surface configurations of the Pd ensembles in Pdx @ECN. Atom coloring as in Figure 6.3, Br
in dark red.

state, metal content and atomic dispersion are preserved after five catalytic runs (Figure A.75).
However, significant differences are evident in terms of activity versus nuclearity, with
3
1 1
Pd3 @ECN exhibiting a reaction rate (0.73
10 mol-ene molPd h ) 3.8 times higher than

Ö

that over Pd2 @ECN and Pd1 @ECN (Figure 6.3a, Figure A.76). We have explored the effect
of the nuclearity when all the atoms are exposed on the surface. The superior performance of
Pd3 @ECN originates from the barrierless, homolytic H2 activation path on hcp-like sites. This
requires a minimum ensemble of three atoms and leaves a bridge site available for adsorbing
the alkyne, resembling the Pd(111) surface.

[193]

In contrast, Pd1 @ECN and Pd2 @ECN exhibit

higher barriers for this step as the mechanism follows a heterolytic route involving the transfer
of a H atom to the scaffold (Figure 6.3b). This opens the coordination sphere of Pd and allows
the triple-bond adsorption and subsequent H transfer. The second H is then recovered to the
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Table 6.1. Evaluation of the catalysts in the C-C coupling.
Pd / wt.%

X /%

S /%

d
1
1
r / mmol min gcat

Pd1 @ECN

0.57

54

89

538

Pd2 @ECN

0.46

79

49

516

Pd3 @ECN

0.46

19

79

208

a

Sample

a

b

b

c

ICP-OES. Conversion. Selectivity.

c

d

Rate of biphenyl formation

per mole of Pd.

metal center, prior to the hydrogenation to the alkene and ready desorption of this product.
Slightly enhanced performance of the dimers could be expected due to the existence of a bridge
site, leading to more exothermic (0.81 and 1.16 eV, Pd1 @ECN and Pd2 @ECN, respectively)
hydrogen activation than over single atoms. However, this is only possible when both atoms are
located in surface positions and dimers mostly populate a configuration with one subsurface
atom. This issue is not encountered for Pd3 @ECN because the subsurface configurations are
less favorable for the trimers (Figure A.77). This nuclearity trend was generalized to the
transformation of diverse linear and branched alkynes (Figure 6.3c).
Opposite nuclearity effects are observed in the continuous Suzuki coupling of bromobenzene
with phenylboronic acid pinacol ester (Table 6.1). Pd1 @ECN exhibits the highest rate of
biphenyl formation, and in Chapter 5 was shown to surpass state-of-the-art homogenous and
heterogeneous catalysts in this reaction.

[191]

A similar rate is evidenced over Pd2 @ECN, but

this catalyst is found to be more active and less selective, while Pd3 @ECN displays only
limited conversion. Analysis of the used catalysts confirms a high stability of single atoms,
but reveals metal losses (Table A.20) and the formation of nanoparticles in the case of dimers
and trimers (Figure A.78). The different performance originates in the first oxidative addition of
bromobenzene, and relate to a nuclearity-dependent chemoselectivity (Figure 6.4). Single atoms
tend to activate the Br-phenyl bond and provide the adaptive coordination environment for the
following transmetallation and reductive elimination steps. However, on dimers and especially
trimers the aromatic ring adsorbs to the nanocluster strongly, poisoning the active site and
weakening the interaction of the metal cluster to the carbon nitride scaffold. This induces the
extraction of Pd from the anchoring site and consequent aggregation.
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6.4. Conclusions
By exploiting the versatile coordination chemistry of carbon nitride, palladium atoms,
dimers and trimers were anchored on this host enabling comparison of their structure and
reactivity. Simulations of the dynamic structure of the low-nuclearity species provided essential
insights to interpret the experimental observations. Catalytic tests in alkyne semi-hydrogenation
and Suzuki coupling revealed opposite application-dependent nuclearity effects. Pd trimers were
more active in the selective hydrogenation of various functionalized alkynes, which was linked
to the reduced hydrogen activation barrier with respect to single atoms and dimers. In contrast,
Pd single atoms surpass ensembles in Suzuki coupling exhibiting distinct chemoselectivity to
the dimers and trimers, which also ensured higher stability. While all evidence points towards
the successful stabilization of the desired ensembles, establishing the uniformity of the metal
speciation remains an important challenge that deserves urgent attention.

Chapter 7
Conclusions and Outlook
Scientific advances this century have enabled researchers to reach unprecedented levels of
precision in catalyst design. The ability to synthesize and characterize active sites comprised of
single atoms presents unique opportunities both for the efficient utilization of precious metals
and for widening the scope of application of heterogeneous catalysts. This thesis was inspired
by the discovery of the first stable single-atom heterogeneous catalysts, featuring isolated
palladium or silver atoms entrapped within the cavities of a graphitic carbon nitride. To explore
the potential of the macroheterocyclic ligands within this cheap and robust polymer, several
critical aspects have been tackled, including i) the establishment of key criteria for the design
of SAHCs based on carbon nitride (Chapters 2-4), ii) the demonstration of the applicability
in reactions that are traditionally homogeneously catalyzed (Chapter 5), iii) the scope for
exploring nuclearity effects in heterogeneous catalysis (Chapter 6), and iv) the obtainment of
a detailed molecular-level understanding of their structure and reactivity.

7.1. Design Rules for SAHCs
Prior to the commencement of this thesis, knowledge on the design of SAHCs was very much
in its infancy. Exploiting the remarkable ability of carbon nitrides as a host, the work undertaken
has developed improved understanding of this crucial aspect by examining the influence of
several important synthetic variables on the properties and reactivity of SAHCs. The findings
have highlighted multiple design criteria that need to be harmonized to develop an effective
SAHC (Figure 7.1). The most relevant descriptors governing each of these is summarized below.
Stability: Parameters that can be optimized to promote the incorporation of spatially
isolated metal centers into carbon nitrides depend on the synthetic approach. Direct methods
of metal introduction permitted the stabilization of much higher metal contents and were most
efficient when using copolymerizable metal precursors. Comparatively, for the post-synthetic
deposition the provision of a high surface area becomes an important factor to ensure
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Figure 7.1. Multiple design criteria, identified in the thesis, that need to be considered and, ideally,
harmonized to develop an effective SAHC.

single-atom dispersion. However, the studies of carbon-doped carbon nitrides showed that the
structure and binding strength of coordination sites also play a significant role. The use of
microwave irradiation was also found to enhance the stabilization of single atoms.
Site density and uniformity: Macroheterocycles in graphitic carbon nitride intrinsically
provide a high density of coordination sites and the crystalline nature imparts a high uniformity.
However, calculations have identified more than one stable metal position in idealized structures
of all of the carbon nitrides studied. Furthermore, defect sites, which remain challenging to
quantify, were also shown to strongly bind metal centers and could significantly increase site
heterogeneity.
Electronic structure: The presence of sixfold nitrogen-based coordination sites in the lattice
of graphitic carbon nitride leads to significant transfer of electrons to the host generating
positively charged metal centers. The possibility to tailor the structure and associated strength
of coordination sites by varying the composition or crystal structure provides a means of
modifying the strength of the interaction between the metal and the host. Remarkably,
the flexible lattice of carbon nitride was shown to enable an almost continuously variable
coordination pattern that adapts to the charge on palladium along the reaction coordinate,
originating unprecedented performance in Suzuki coupling.
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Steric environment: The size of interstices in carbon nitrides can be altered by varying the
crystal structure. Increasing the size of the cavity led to a higher fraction of metal located in
subsurface positions, indicating an increased mobility within the host.
Catalytic role of the matrix : The active participation of graphitic carbon nitride in the
hydrogenation of alkynes, permitting the heterolytic dissociation of molecular hydrogen which
would otherwise not be possible over an isolated metal center, was known from the prior study.
In Suzuki coupling, the matrix fulfils the function of the ligands in homogeneous systems that
provide the electronic density required for the reagent activation.
Scalability: Carbon nitride can be prepared by simple one-pot synthesis from abundant
precursors. Practical and unexpensive methods to incorporate single atoms make these systems
attractive not only for fundamental research, but also for industrial applications.
The results of the work provide a framework to compare the effectiveness of carbon nitrides
as carriers for single atoms with other hosts. A separate research topic of another PhD thesis
in the group of Prof. Dr. Javier Pérez-Ramı́rez is currently establishing the generality of the
findings.

7.2. SAHCs in Homogeneously-Catalyzed Reactions
As understanding of the design of single-atom heterogeneous catalysts evolved during
the thesis, the distinct properties of isolated metal centers with respect to nanoparticles
became increasingly apparent. This prompted a critical assessment of the reactivity of this
advanced class of materials that highlighted the typically ionic nature of the active sites.

[10]

The strong resemblance of the structure to that of metal complexes prompted the assessment
in processes that are typically homogeneously catalyzed. A palladium single-atom catalyst
based on carbon nitride evidenced highly promising results with competitive or superior
yields to the state-of-the-art catalysts and stable performance in Suzuki coupling of various
compounds. Further exploration of the scope of SAHCs for the heterogenization of complex
organic transformation sand has stimulated collaboration with the group of Prof. Erick Carreira
at ETH Zurich as well as external partners.
The isolation of a metal center in a solid host has the advantage that the coordination site
remains in close proximity to the active center throughout the catalytic cycle (Figure 7.2). This
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Figure 7.2. Six-fold cavity of graphitic carbon nitride, which provides a flexible coordination
environment for isolated palladium atom resulting in superior catalytic activity in Suzuki couplings.
The color scale within the cavity represents the time the palladium atom spends in that configuration
during the reaction.

offers enhanced stability since it avoids the need to remove ligands, which is also the first step
toward deactivation in metal complexes. In addition, it permits a more fluid adoption to the
energy requirements of the catalytic cycle, offering possibilities for the implementation of more
sustainable catalytic processes. By optimally tailoring the host a similarly high degree of control
over the electronic structure and steric environment can be envisaged to that which is now
possible through ligand design in the homogeneous catalysts. Additionally, SAHCs undoubtedly
offer great prospects to explore reactivity in catalysis and reach a similar level of molecular
understanding as has been gathered over metal complexes.

7.3. New Approaches for Resolving Nuclearity Effects
Moving to subnanometer dimensions can significantly alter the properties of metal species
because of both increased electron confinement and interaction with the host material,
originating a non-linear variation of reactivity patterns. By exploiting the versatile coordination
chemistry of graphitic carbon nitride, application-dependent nuclearity effects have been
established for palladium single atoms, dimers and trimers (Figure 7.3). Particularly, drastic
changes in activity, selectivity and stability have been observed when the cluster size increased
by one atom. This finding has important implications because many reported catalytic trends
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Figure 7.3. Opposite nuclearity effects are observed in Suzuki coupling and alkyne semihydrogenation. Optimal nuclearity is shown beneath the reaction.

were derived without having a precise control points over the nanostructure and thus may
require re-evaluation to take into account reactivity differences that may have originated from
the presence of single atoms or low-nuclearity clusters.
The results of this thesis have led to a broader investigation of nuclearity effects in ongoing
lines of research in the group. An atomic level control over the metal species has been found
to be critical in order to optimize the promotional effect of palladium species on indium oxide
based catalysts for CO2 hydrogenation.

[194]

In acetylene hydrogenation it has also resulted

in a reassessment of the performance of precious metals, uncovering the high performance of
Ru-based catalysts with the appropriate nanostructure. Further targeted efforts to stabilize
other multiatom clusters will be beneficial to help confirm the effects of nuclearity on reactivity
patterns of other atomically dispersed metals and will be part of a separate PhD thesis. Overall,
this highlights the relevance of atomic-scale engineering in catalyst design.

7.4. Outlook
A grand challenge lies in improving the molecular-level understanding of the active-site
structure in SAHCs. In this thesis, knowledge on these aspects has been derived primarily
from a tight interplay between experiment and theoretical calculations. For palladium and
platinum single-atom catalysts, density functional theory has been applied to identify the
most stable positions of metal atoms in the graphitic carbon nitride framework. Kinetic
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Monte Carlo and molecular dynamics simulations describe the mobile behavior of single
atoms and low-nuclear clusters within the host. The theoretical input has been crucial for the
interpretation of analytical and catalytic data, especially in relation to the structures of catalysts
integrating metal species of different nuclearity. In particular, it has highlighted the challenge
of distinguishing the structure of single atoms and low-nuclearity clusters through existing
techniques due to their often dynamic structure, which leads to a distribution of metal-metal
bond distances.
Further advances in characterization techniques and operando studies will be invaluable
to bring revolutionary experimental insights on these aspects. Together with improvements
in spatial resolution, these could allow the direct confirmation of distinct atomically-dispersed
clusters supported on practical hosts, which currently pose a challenge due to their non-uniform
structure. Additionally, reference samples used to interpret the responses gathered from
state-of-art techniques, are based on bulk materials, typically metals, their oxides and salts.
The suitability of these references is questionable for comparing with single atoms due
to quantum size effects arising from electron confinement in the absence of neighboring
atoms with similar energy orbitals. In this regard, further development of an appropriate
series of atomically-dispersed materials and their in-depth characterization will be helpful
to benchmark the properties of newly-synthesized single-atom heterogeneous catalysts. The
reaction mechanisms over the SAHCs could differ from those over the conventional analogs,
thus, unraveling the steps determining the catalytic process remains crucial for designing a
better material.
Evaluation of the potential scope of single atoms stabilized on appropriate hosts in different
applications is still in its infancy and many opportunities have yet to be explored. For example,
for carbon nitride the properties of metal centers could be coupled with the optical properties
in the design of more efficient photocatalyst. The development of polymeric hosts with more
sophisticated functionality is also appealing to deriving structure-performance relationship and
establishing the design criteria for efficient SAHCs.

Bibliography
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[21] E. Fako, Z. Lodziana, N. López, Catal. Sci. Technol. 2017, 7, 4285–4293.
[22] E.C. Tyo, S. Vajda, Nat. Nanotechnol. 2015, 10, 577–588.
[23] X. Li, W. Zhong, P. Cui, J. Li, J. Jiang, J. Phys. Chem. Lett. 2016, 7, 1750–1755.
[24] Q. Fu, H. Saltsburg, M. Flytzani-Stephanopoulos, Science 2003, 301, 935–938.
[25] M. Flytzani-Stephanopoulos, Acc. Chem. Res. 2013, 47, 783–792.
[26] M. Yang, J. Liu, S. Lee, B. Zugic, J. Huang, L.F. Allard, M. Flytzani-Stephanopoulos, J.
Am. Chem. Soc. 2015, 137, 3470–3473.
[27] K. Ding, A. Gulec, A.M. Johnson, N.M. Schweitzer, G.D. Stucky, L.D. Marks, P.C. Stair,
Science 2015, 350, 189–192.
[28] M. Valden, X. Lai, D.W. Goodman, Science 1998, 281, 1647–1650.
[29] A.A. Herzing, C.J. Kiely, A.F. Carley, P. Landon, G.J. Hutchings, Science 2008, 321,
1331–1335.
[30] B. Qiao, J.X. Liang, A. Wang, C.Q. Xu, J. Li, T. Zhang, J.J. Liu, Nano Res. 2015, 8,
2913–2924.
[31] B. Qiao, J. Liu, Y.G. Wang, Q. Lin, X. Liu, A. Wang, J. Li, T. Zhang, J. Liu, ACS Catal.
2015, 5, 6249–6254.
[32] S. Zhang, C. Chen, M. Cargnello, P. Fornasiero, R.J. Gorte, G.W. Graham, X. Pan, Nat.
Commun. 2015, 6, 7778.
[33] E.J. Peterson, A.T. DeLaRiva, S. Lin, R.S. Johnson, H. Guo, J.T. Miller, J.H. Kwak,
C.H. Peden, B. Kiefer, L.F. Allard, F.H. Ribeiro, A.K. Datye, Nat. Commun. 2014, 5,
4885.
[34] G. Li, L. Li, D. Jiang, J. Phys. Chem. C 2015, 119, 12502–12507.
[35] J. Liu, B. Liu, Y. Fang, Z. Zhao, Y. Wei, X.Q. Gong, C. Xu, A. Duan, G. Jiang, Environ.
Sci. Technol. 2014, 48, 12403–12410.
[36] F. Li, Y. Li, X.C. Zeng, Z. Chen, ACS Catal. 2014, 5, 544–552.
[37] J.X. Liang, J. Lin, X.F. Yang, A.Q. Wang, B.T. Qiao, J. Liu, T. Zhang, J. Li, J. Phys.
Chem. C 2014, 118, 21945–21951.
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[132] E. Wirnhier, M. Döblinger, D. Gunzelmann, J. Senker, B.V. Lotsch, W. Schnick, Chem.
Eur. J. 2011, 17, 3213–3221.
[133] D. Dontsova, S. Pronkin, M. Wehle, Z. Chen, C. Fettkenhauer, G. Clavel, M. Antonietti,
Chem. Mater. 2015, 27, 5170–5179.
[134] A. Savateev, D. Dontsova, B. Kurpil, M. Antonietti, J. Catal. 2017, 350, 203–211.
[135] Q. Liang, Z.H. Huang, F. Kang, Q.H. Yang, ChemCatChem 2015, 7, 2897–2902.
[136] Z. Chen, A. Savateev, S. Pronkin, V. Papaefthimiou, C. Wolff, M.G. Willinger,
E. Willinger, D. Neher, M. Antonietti, D. Dontsova, Adv. Mater. 2017, 29, 1700555.
[137] W. Liu, L. Cao, W. Cheng, Y. Cao, X. Liu, W. Zhang, X. Mou, L. Jin, X. Zheng, W. Che,
Q. Lui, T. Yao, S. Wei, Angew. Chem. Int. Ed. 2017, 56, 9312–9317.
[138] E. Vorobyeva, Z. Chen, S. Mitchell, R.K. Leary, P. Midgley, J.M. Thomas, R. Hauert,
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Meyer, P.C. Redfern, D. Teschner, R. Schlögl, M.J. Pellin, L.A. Curtiss, S. Vajda, Science
2010, 328, 224–228.
[181] T. Imaoka, Y. Akanuma, N. Haruta, S. Tsuchiya, K. Ishihara, T. Okayasu, W.J. Chun,
M. Takahashi, K. Yamamoto, Nat. Commun. 2017, 8, 688.
[182] S. Tian, Q. Fu, W. Chen, Q. Feng, Z. Chen, J. Zhang, W.C. Cheong, R. Yu, L. Gu,
J. Dong, J. Luo, C. Chen, Q. Peng, C. Draxl, D. Wang, Y. Li, Nat. Commun. 2018, 9,
2353.
[183] Y. Zhao, K.R. Yang, Z. Wang, X. Yan, S. Cao, Y. Ye, Q. Dong, X. Zhang, J.E. Thorne,
L. Jin, K.L. Materna, A. Trimpalis, H. Bai, S.C. Fakra, X. Zhong, W. P, X. Pan, J. Guo,
F.S. M, G.W. Brudvig, V.S. Batista, W. D, Proc. Natl. Acad. Sci. U. S. A. 2018, 115,
2902–2907.
[184] Y. Zhao, X. Yan, K.R. Yang, S. Cao, Q. Dong, J.E. Thorne, K.L. Materna, S. Zhu,
X. Pan, M. Flytzani-Stephanopoulos, G.W. Brudvig, V.S. Batista, D. Wang, ACS Cent.
Sci. 2018, 4, 1166–1172.
[185] S. Ji, Y. Chen, Q. Fu, Y. Chen, J. Dong, W. Chen, Z. Li, Y. Wang, L. Gu, W. He,
C. Chen, Q. Peng, Y. Huang, X. Duan, D. Wang, C. Draxl, Y. Li, J. Am. Chem. Soc.
2017, 139, 9795–9798.
[186] S. Grimme, J. Comput. Chem. 2006, 27, 1787–1799.

116

Bibliography

[187] G. Makov, M. Payne, Phys. Rev. B 1995, 51, 4014–4022.
[188] S. Nosé, J. Chem. Phys. 1984, 81, 511–519.
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Appendix A
Annexes
List of acronyms
AC-STEM – aberration corrected scanning transmission electron microscopy
BA – barbituric acid
BBA – bulk barbituric acid
BCN – bulk carbon nitride
BE – binding energy
BET – Brunauer-Emmett-Teller
BJH - Barrett-Joyner-Halenda
BOMD – Born-Oppenheimer Molecular Dynamics
BTAP – bulk 2,4,6-triaminopyrimidine
CP/MAS NMR – cross-polarisation/magic angle spinning nuclear magnetic resonance
DFT – Density Functional Theory
DRIFTS – diffuse reflectance infrared Fourier transform spectroscopy
ECN – exfoliated carbon nitride
EDX – energy dispersive X-ray spectroscopy
EELS – electron energy loss spectroscopy
EXAFS – extended X-ray absorption fine structure
GCN – graphitic carbon nitride
HAADF – high-angle annular dark-field imaging
HR-TEM – high-resolution transmission electron microscopy
ICP-OES – inductively coupled plasma-optical emission spectrometry
KMC – Kinetic Monte Carlo
LMO – linear melem oligomer
MCN – mesoporous carbon nitride
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NCN – normalized coordination number
NN – nearest neighbor
NNDD – nearest neighbor distance distribution
OMCN – ordered mesoporous carbon nitride
PAW – projector augmented wave method
PHI – poly(heptazine imide)
PTI – poly(triazine imide)
SAHC – single-atom heterogeneous catalyst
SEM – scanning electron microscope
STEM – scanning transmission electron microscopy
STM – scanning tunneling microscopy
TAP – 2,4,6-triaminopyrimidine
TEM – transmission electron microscopy
TGA – thermogravimetric analysis
TOF – turnover frequency
TPD – temperature-programmed desorption
TS – transition state
WGS – water-gas shift
XANES – X-ray absorption near edge structure
XAS – X-ray absorption spectroscopy
XPS – X-ray photoelectron spectroscopy
XRD – X-ray diffraction

Annexes

Chapter 2
Table A.1. Composition and porous properties of the carriers.
a

Sample

Formula

b
2 1
S BET / m g

c
3 1
V pore / cm g

d
3 1
V micro / cm g

BCN

C3 N4.6 H1.1 O0.2

7

0.01

0.000

ECN

C3 N4.5 H1.5 O0.3

245

0.29

0.004

MCN

C3 N4.5 H1.6 O0.4

165

0.37

0.001

a

b

c

d

Elemental analysis. BET method. Volume of Ar adsorbed at p/p 0 = 0.96. t-plot

method.

Table A.2. Characterization summary of the metal-containing samples.
a

Sample

Metal speciation

b

Metal loading / wt.%

d
2 1
S BET / m g

e
3 1
V pore / cm g

c

Pt@MCN-P1

SA+NP

0.50

85

0.12

Pt@ECN-P1

NP

0.40

125

0.40

Pt@BCN-P1

NP

0.41

9

0.01

Ir@MCN-P1

SA

0.46

20

0.03

Ir@ECN-P1

SA+NP (few)

0.41

99

0.26

Ir@BCN-P1

NP

0.49

7.4

0.04

Pd@MCN-P1

SA+NP (few)

0.41

202

0.33

Pt@MCN-D1

SA

0.46

222

0.50

Ir@MCN-D1

SA

0.40

230

0.49

Pd@MCN-D1

SA+NP (few)

0.61

194

0.29

Pt@MCN-D2

SA

0.76

184

0.30

Au@MCN-D2

NP

0.49

209

0.36

Pd@MCN-D2

SA

0.50

219

0.34

Ag@MCN-D2

SA

0.5

147

0.43

a

The samples are coded as: metal (Pt, Ir, Au, Pd or Ag)@carrier (MCN, ECN or BCN)-strategy
b

c

d

e

(P1, D1 or D2). SA - single atom, NP - nanoparticle. ICP-OES. BET method. Volume of Ar
adsorbed at p/p 0 = 0.96.
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Table A.3. Bader charges, q, of selected metals when supported on g-C3 N4 in surface and subsurface
positions.
Metal

Position

q / ·e

Pd

Surface

0.47

Pd

Subsurface

0.49

Pt

Surface

0.47

Pt

Subsurface

0.50

-

·

Table A.4. Calculated XPS shifts for the Pt 4f core level.
Species

Location

XPS shift / eV

Pt

Isolated atom

2.84

Pt2

Isolated dimer

1.54

Pt(111)

Surface

0.33

Pt(111)

Bulk

0

Pt

Isolated s g-C3 N4

1.20

Pt

Isolated u g-C3 N4

1.08

Pt

Isolated bulk g-C3 N4

0.86

Pt-2H

s g-C3 N4

1.15

Pt2

u g-C3 N4

0.61/1.05

Table A.5. Formation energies of different metal species within g-C3 N4 .

a

Species

E formation / eV

Location
Pd

Pt

Ag

Au

Ir

SA

Surface

1.59

1.87

1.31

0.43

3.15

SA

Subsurface

1.89

2.36

1.53

0.77

3.64

D

Gas phase

1.03

3.25

1.74

2.28

4.84

D

Bulk

0.19

0.54

0.26

2.58

0.21

D

Subsurface

0.36

4.72

2.15

2.48

4.57

+

Gas phase

2.64

4.59

2.03

2.71

6.20

+

Subsurface

-

5.68

-

-

-

D
D
a

+

SA - single atom, D - dimer, D - charged dimer.
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Figure A.1. Argon isotherms at 77 K and corresponding BJH mesopore size distributions (inset) of
the g-C3 N4 carriers.
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Figure A.2. Additional HAADF-STEM images and diffraction patterns of a) BCN, b) MCN and
c) ECN.

Annexes

Figure A.3. a) XRD patterns, b,c) C 1s and N 1s XPS spectra, d)

13

125

C CP/MAS NMR spectra,

e) TGA profiles and f ) DRIFTS spectra of the g-C3 N4 carriers.

Figure A.4. Normalized XRD patterns of all the metal-containing samples. Arrows indicate the
reflections originated from gold nanoparticles.
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Figure A.5. AC-HAADF-STEM images of selected SAHCs: a) Ir@MCN-D1, b) Ir@MCN-P1,
c) Pt@MCN-D1, d) Pt@MCN-P1, e) Pd@MCN-P1 and f ) Ag@MCN-D1. The arrows in a) indicate
examples of pairs of atoms in close proximity suggesting dimerization.

Figure A.6. HAADF-STEM images of a) Ir@MCN-P1, b) Ir@ECN-P1 and c) Ir@BCN-P1. The
arrows in b,c) indicate metal nanoparticles.
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Figure A.7. AC-HAADF-STEM images and diffraction patterns of selected samples prepared by
direct synthesis: a) Ir@MCN-D1, b) Pt@MCN-D1 and c) Ag@MCN-D2.
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Figure A.8. AC-HAADF-STEM images and diffraction patterns of selected samples prepared by
post-synthetic routes: a) Ir@MCN-P1, b) Pt@MCN-P1 and c) Pd@MCN-P1.
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Figure A.9. Measured nearest neighbor (NN) distances between metal atoms in a) Ir@MCN-D1,
b) Ir@MCN-P1, c) Pt@MCN-D1, d) Pt@MCN-P1, e) Pd@MCN-P1 and f ) Ag@MCN-D1. Although
the three-dimensional structure of the supports means that two well-separated metal atoms at different
heights may appear very close in projection, a good agreement with the distribution expected for a
randomly dispersed set of points in an equivalent area (red curves) is observed in all cases.
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Figure A.10. HAADF-STEM images and corresponding EDX elemental maps of N (blue) and Pt or
Ir (green) for a) Ir@MCN-D1, b) Ir@MCN-P1, c) Pt@MCN-D1 and d) Pt@MCN-P1.
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Figure A.11. KMC simulations of the impact of the initial metal concentration and distribution on
the stabilization of Pt atoms in g-C3 N4 . Kinetic profiles of the weight distributions (WD) of platinum
species arising from a,b), 25% initial occupancy of all sites simulated at 300 K. Similar set ups with
c,d), half and e,f ), a quarter the amount of atoms in a,b). In a,c,e), the surface layer is completely
occupied and all other sites are vacant, while in b,d,f ) the same amount of atoms is distributed
uniformly among all sites. Structures are presented in Figure 2.6. Platinum dimers located above the
surface are not observed.
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Figure A.12. KMC simulations of the impact of the initial metal concentration and distribution on
the stabilization of Pd atoms in g-C3 N4 . Kinetic profiles of the weight distributions (WD) of Pd species
arising from a,b), 25% initial occupancy of all sites simulated at 300 K. Similar set ups with c,d), half
and e,f ), a quarter the amount of atoms in a,b). In a,c,e), the surface layer is completely occupied
and all other sites are vacant, while in b,d,f ) the same amount of atoms is distributed uniformly
among all sites. Structures are presented in the Figure 2.6. Palladium dimers and single atoms located
below the surface are not observed.
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Figure A.13. KMC simulations illustrating the impact of hydrogen on the stabilization of a) Pt and
b) Pd atoms in g-C3 N4 . In all cases 50% of the atoms are hydrogenated in the initial state and thus
fixed in their positions, while 50% are free to move. The metal atoms in the initial state are uniformly
distributed between all sites.

Figure A.14. Idealized structure of a Pd atom isolated at an s position in g-C3 N4 interacting with
two H atoms. Color code: red - Pd, gray - C, blue - N, white - H.
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Figure A.15. Conversion (in %) of 1-hexyne at different temperature and total pressure over
a) Pd@BCN-P1, b) Pd@MCN-0.5-P1, c) Pd@MCN-P1, d) Pd@BCN-D2, e) Pd@MCN-D1 and

1 and
3
1
F G (H2 ) = 36 cm min . The contour maps were obtained through spline interpolation of 14
experimental points.
3

f ) Pd@MCN-D2. Reaction conditions: W cat = 0.1 g, F L (1-hexyne+toluene) = 1 cm min
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Figure A.16. Selectivity (in %) to 1-hexene at different temperature and total pressure over
a) Pd@BCN-P1, b) Pd@MCN-0.5-P1, c) Pd@MCN-P1, d) Pd@BCN-D2, e) Pd@MCN-D1 and

1 and
3
1
F G (H2 ) = 36 cm min . The contour maps were obtained through spline interpolation of 14
experimental points.
3

f ) Pd@MCN-D2. Reaction conditions: W cat = 0.1 g, F L (1-hexyne+toluene) = 1 cm min
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Table A.6. Chemical composition of the carriers.
a

b

Sample

C / mol.%

MCN

b

b

b

c

N / mol.%

H / mol.%

O / mol.%

Chemical formula

31.3 (29.6 )

47.2 (48.9)

17.1 (17.7)

4.3 (3.7)

C3 N4.9 H1.8 O0.373

MCN-BA-0.02

29.1 (28.8)

41.4 (43.9)

25.0 (26.5)

4.5 (0.8)

C3 N4.6 H2.8 O0.083

MCN-BA-0.2

32.2 (32.1)

38.9 (41.8)

23.2 (24.9)

5.6 (1.0)

C3 N3.9 H2.3 O0.097

MCN-BA-0.9

40.1 (40.7)

39.2 (42.5)

13.5 (14.7)

7.2 (1.9)

C3 N3.1 H1.1 O0.139

MCN-TAP-0.2

30.6 (30.5)

40.9 (42.6)

23.5 (24.5)

5.0 (2.4)

C3 N4.2 H2.4 O0.233

MCN-TAP-0.9

33.7 (33.7)

36.9 (38.9)

24.0 (25.2)

5.4 (2.2)

C3 N3.5 H2.2 O0.191

BCN

33.9 (33.9)

51.4 (52.4)

12.9 (13.2)

1.8 (0.5)

C3 N4.6 H1.2 O0.048

BCN-BA-0.9

38.5 (37.1)

39.0 (39.3)

22.4 (22.6)

4.3 (1.1)

C3 N3.2 H1.8 O0.089

BTAP

44.4 (43.9)

38.8 (38.7)

16.6 (16.5)

1.6 (0.9)

C3 N2.6 H1.1 O0.061

BBA

53.9 (51.1)

24.9 (24.2)

21.0 (20.5)

6.7 (4.2)

C3 N1.4 H1.2 O0.247

a

c

Carbon-doped carriers are coded x -y-z, where x designates the carrier morphology - bulk

(BCN) or mesoporous (MCN), y denotes the dopant - barbituric acid (BA) or 2,4,6triaminopyrimidine (TAP) and z indicates the cyanamide/dopant mass ratio - 0.02, 0.2
or 0.9. Two reference carriers were prepared by thermal treatment of BA (BBA) or TAP
b

c

(BTAP), respectively. Elemental analysis. Corrected for the presence of adsorbed CO2 .
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Table A.7. Porous properties and crystal size of the carriers.
a
2 1
S BET / m g

Carrier

b

3

V pore / cm g

1

c

d crystal / nm

MCN

219

0.62

9

MCN-BA-0.02

260

0.8

6

MCN-BA-0.2

285

0.71

4

MCN-BA-0.9

383

0.82

2

MCN-TAP-0.2

327

0.84

8

MCN-TAP-0.9

402

1.31

2

BCN

9

0.0

11

BCN-BA-0.9

48

0.05

5

BTAP

6

0.00

6

BBA

45

0.05

2

a

b

BET method.

Volume of N2 adsorbed at p/p 0 = 0.96.

c

Scherrer

equation was applied to the (002) reflection to estimate the crystal size.

Table A.8. Metal content, speciation and oxidation state and porosity of catalysts.
a

4+ c

speciation

/-

2 1
/m g

3 1
/ cm g

Pd@MCN

0.50 (0.95)

SA

0.53

232

0.62

Pd@MCN-BA-0.2

0.42 (1.35)

SA

0.45

278

0.71

Pd@MCN-BA-0.9

0.40 (1.84)

SA

0.24

348

0.75

Pd@MCN-TAP-0.2

0.53 (1.27)

SA

0.70

309

0.75

Pd@MCN-TAP-0.9

0.34 (1.76)

SA

1.04

273

0.96

Pd@BCN

0.44 (5.47)

SA, C

0.57

21

0.05

f

SA, C

0.75

10

0.02

f

SA, C

0.31

4

0.01

f

SA, C, NP

0.35

61

0.08

Pd@BTAP
Pd@BBA
a

0.50 (11.78)
0.50 (12.37)
0.50 (10.03)

ICP (in parenthesis, surface metal content determined by XPS).

S BET

b

V pore

e

/ wt.%

b

/Pd

d

Metal

Pd@BCN-BA-0.9

Pd

2+

Metal content
Catalyst

SA - single atom, C

- clusters ranging from a few to tens of atoms, NP - nanoparticles a few nanometers in
c

d

e

f

diameter. XPS analysis. BET method. Volume of N2 adsorbed at p/p 0 = 0.96. Nominal
value.
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Table A.9. Adsorption energies of Pd for the stoichiometric and modified carriers.
b

Position

s
u
w
a

Adsorption energy / eV

a

r-CN

r-CN-CH

r-CN-CO

n-CN

n-CN-CH

n-CN-CO

2.04
2.14
2.10

1.54
1.82
2.11

1.12
1.12
2.16

1.61
2.17
2.16

1.30
1.89
2.16

1.43
1.93
2.66

Positions s, u and w, as defined in Figure A.30.

b

Values with respect

to gas-phase atoms. Samples coded according to the composition (CN
- stoichiometric, CH - C-doped, CO - oxygen defective) and stacking
arrangement (r - rotated, n - normal) illustrated in Figure A.29.
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Figure A.17. a) Powder XRD patterns, b) N2 isotherms and c) TGA profiles in air of the bulk
carriers. The color code in a) applies to b) and c).
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Figure A.18. a,b) Powder XRD patterns, c, d) TGA profiles in air, e, f ) N2 isotherms of MCN and
the mesoporous C-doped carriers modified with BA and TAP.
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Figure A.19. Correlations of crystal size with a) C/N ratio and b) BET surface area of MCN
(green triangles) and the mesoporous C-doped carriers modified with BA (blue circles) and TAP (red
squares), respectively.

Figure A.20. Comparison of

13

C solid-state CP/MAS NMR spectra of MCN and the mesoporous

C-doped carriers modified with BA and TAP.
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Figure A.21. SEM (left) and TEM (center and right) micrographs of the metal-free a) MCN and b)
BCN carriers. The selected area diffraction pattern of MCN (shown inset) reveals a single concentric
ring corresponding to the (002) reflection, consistent with the polycrystalline nature of the sample.

Figure A.22. TGA profiles in N2 of the mesoporous C-doped carriers modified with BA a) and TAP
b) and representative MS curves (inset). Color code as in the Figure A.20.
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Figure A.23. CO2 -TPD (m/z = 44) of MCN-BA-0.9 and MCN-TAP-0.9.

Figure A.24. DRIFT spectra of MCN, MCN-BA-0.9 and MCN-TAP-0.9 after degasification in flowing
N2 at 573 K.
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Figure A.25. AC-STEM images evidencing the Pd dispersion at further locations in a) Pd@MCNBA-0.9, b) Pd@MCN-TAP-0.9 and c) Pd@MCN. The metal is atomically dispersed and uniformly
distributed over the carriers in all cases.
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Figure A.26. a) HAADF-STEM and elemental maps acquired by EDX spectroscopy and
b) corresponding EDX spectra of Pd@MCN-BA-0.9 and Pd@MCN-TAP-0.9. Palladium signal is
clearly distinguished in both cases. The copper signal stems from the copper grid used to support
the sample. Silicon signal most likely comes from the silicon drift detector used for data acquisition.
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Figure A.27. AC-STEM evidencing the Pd dispersion at further locations in a) Pd@BCN-BA-0.9, b)
Pd@BBA, c) Pd@BTAP and d) Pd@BCN. Single atoms, clusters and nanoparticles can be observed
in differing concentrations in each sample.
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Figure A.28. Comparison of the Pd 3d core level XPS spectra of the catalysts based on the bulk
carriers. Dashed gray lines show the result of fitting the raw data (open symbols), the dashed lines
correspond to the individual peaks after fitting. Blue lines indicate the background applied. Vertical
gray lines indicate the positions of the fitted components.
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Figure A.29. Lattice models of the stoichiometric and carbon-doped g-C3 N4 carriers. Two possible
stacking arrangements were considered for the binding sites defined by the tri-s-triazine units, normal
and rotated. In these models, chemical defects have been introduced into the surface layer, replacing
N atoms for CH to represent the ideal incorporation of carbon, and CO with a nearby H to represent
a possible oxygen-containing defect. Color code: gray - C, blue - N, red - O and white - H.
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Figure A.30. Metal adsorption has been considered on the surface, s, at subsurface u or at the
sub subsurface, w, in the rotated (left) and normal (right) g-C3 N4 structures considered. Color code:
gray - C, blue - N and green - Pd.
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1 h1 ) and
selectivity to 2-methyl-3-buten-2-ol (right column, in %) at different temperature and pressure
over a) Pd@BCN-BA-0.9 and b) Pd@BBA. The contour plots were obtained through spline
interpolation of 14 experimental points. Reaction conditions: W cat = 0.1 g, F L (2-methyl-3-butyn3
1
3
1
2-ol+toluene) = 1 cm min and F G (H2 ) = 36 cm min .
Figure A.31. Reaction rate (left column, in 10

3

mol2-methyl-3-buten-2-ol molPd
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Table A.10. Characterization data of the additional catalysts.
Pd / wt.%

d
2 1
S BET / m g

c
3 1
V pore / cm g

Pd@ECN

0.40

169

0.22

Pd@GCN-DCDA

0.44

13

0.01

Pd@MCN

0.59

158

0.31

Pd@OMCN

0.52

200

0.22

Pd NPs-MCN

0.57

241

0.55

Pd-Pb/CaCO3

4.50

10

0.03

Sample

a

a

b

ECN - thermally exfoliated GCN (773 K, air atmosphere, 5 h), GCN-

DCDA - GCN synthesized from dicyandiamide, MCN - mesoporous GCN
(prepared using SiO2 nanoparticles as template

[106]

), OMCN - ordered

mesoporous GCN (similar to MCN, but using SBA-15 as the template).
b

c

d

ICP-OES. Volume of Ar adsorbed at p/p 0 = 0.96. BET method. The

nanoparticle-containing catalyst based on a mesoporous carbon nitride
host (Pd NPs-MCN) was prepared by wet deposition using NaBH4
(0.5 M) as a reductant, followed by filtration and washing step and finally
dried at 333 K overnight.

The degree of oxidation (high or low) of the Pd metal atoms is tentatively assigned based
on the XPS shifts calculated by DFT. Unfortunately, the absolute oxidation state cannot be
identified, as it is not an observable. In contrast to the experimental XPS assignment, which
relies on the comparison with standards, the calculated XPS shifts correspond to a particular
charge partition (Bader or Mulliken). The XPS shift is a convolution of at least the oxidation
state and a size effect that impacts the relaxation of the holes, while the DFT computed charges
are affected by the arbitrariness of the partition scheme and the degree of covalence. Therefore,
the speciation remains qualitative.
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Table A.11. Computed formation energies, Bader charges, XPS signals of Pd and d -band centers
of the modeled structures. Formation energies were calculated versus an isolated Pd atom or PdCl2
coordination and the relaxed scaffold.
Scaffold

a

Pd position
s
sub

GCN
s-2Cl
s-Mg-2Cl
s
sub
PTI
s-2Cl
s-Mg-2Cl
s
sub
PHI
s-2Cl
s-Mg-2Cl
LMO
a

Heptazine

b

E form / eV

Bader charge / ·e

1.73
1.91
2.23
2.75
1.47
2.43
3.16
3.19
1.76
2.00
2.45
2.78
2.84

-

·

XPS / eV

d -band / eV

1.92
1.95
1.64
2.59

0.44

355.50

0.49

356.80

0.72

356.14

0.72

356.06

0.07

356.45

0.30

357.95

0.62

356.80

0.62

356.58

0.95
1.04
1.21
3.56

0.09

356.17

-

0.30

357.44

-

0.69

356.65

-

0.68

356.43

-

0.47

355.36

-

s - surface, sub - subsurface, s-2Cl - surface in the presence of two Cl, s-Mg-2Cl - surface in the

presence of one Mg and two Cl. The partial density of states (PDOS) of the relaxed GCN and
b

PTI are shown in Figure A.50. Relaxed geometry of one Pd that is coordinated to four heptazine
units. The Pd-4heptazine structure was calculated as a molecule in a box and serves as a model
for the highest coordination nesting point in LMO (see the structure in Figure A.51).

Table A.12. Calculated adsorption energies of 2-methyl-3-butyn-2-ol (E ads ) and XPS shifts of the
Pd atoms.
Catalyst

Pd position
surface

Pd@GCN
subsurface
Pd@PTI

subsurface

Pd@PHI

subsurface

E ads / eV

1.32
0.32
0.36
0.48

XPS / eV
355.50
356.80
357.95
357.44
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Table A.13. Average oxidation state of palladium in the fresh and used catalysts.
Sample

Fresh

Used

Pd@LMO

2.9

2.8

Pd@GCN

3.0

3.1

Pd@PTI

3.5

3.6

Pd@PHI

3.7

3.6

Figure A.32. HR-TEM image of PTI exhibiting lattice distances of 0.33, 0.44 and 0.74 nm,
corresponding to the (002), (110) and (100) planes, respectively.

156

Appendix A

Figure A.33. a) C 1s XPS spectra and b) Ar isotherms at 77 K of the investigated carbon nitride
scaffolds.

Figure A.34. XRD patterns of PTI and PHI before and after the introduction of magnesium by ion
exchange, and Pd SAHCs based on the latter.
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Figure A.35. TEM (top row) and SEM (bottom row) images of the morphology of the different
carbon nitride scaffolds.
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Figure A.36. Additional AC-STEM images of the Pd SAHCs based on different carbon nitride
scaffolds.
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Figure A.37. HAADF-STEM images and the corresponding elemental maps of thin cross-sections of
the Pd SAHCs.
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Figure A.38. Pd 3d core level XPS spectra of the Pd SAHCs based on different carbon nitride
+

scaffolds before (0 nm) and after Ar beam sputtering to remove the surface layer (1.3 nm).
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Figure A.39. HAADF-STEM images of the samples after calcination at 673 K in air and 443 K in
5 vol.% H2 /He.
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Figure A.40. XRD patterns of the pristine Pd SAHCs and the samples after calcination at 673 K in
air.

Figure A.41. Snapshots of the more oxidized subsurface and less oxidized surface Pd species identified
during the ab initio MD run of the Pd atoms on GCN. The difference in XPS shifts of the two extreme
cases is 2.95 eV (Bader charge is 0.5 ·e
subsurface (Pd

4+

2+

) and surface (Pd

-

·

for both). The average difference in the XPS shifts between

) is 1.5 eV.
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Figure A.42. Energy profiles of the sampled structures on the potential energy surface of the Pd
SAHCs on GCN, PTI or PHI in the presence of O2 (top) and H2 (bottom). The selected reference
state (highlighted with a red box) is Pd@GCN, Pd@PTI or Pd@PHI and a gas-phase H2 , O2 or Cl2
molecule. The adsorption of H2 or O2 was calculated with the relaxed scaffolds as references. The
adsorption of O2 (top) is immediately followed by its exothermic activation for all systems starting
from the reference state, but the removal of the PdO2 species from the coordination site is unfavorable.
The activation of H2 (bottom) follows different paths, it is heterolytic for the small pocket (GCN) and
homolytic for the larger ones (PTI, PHI).

Figure A.43. Pd 3d core level XPS spectra of the used Pd SAHCs after hydrogenation.
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Figure A.44. XRD patterns of the pristine Pd SAHCs and the used samples after hydrogenation.

Figure A.45. HAADF-STEM images and corresponding elemental maps of the Pd SAHCs after
magnesium ion exchange.
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Figure A.46. HAADF-STEM image of the nanoparticle-based catalyst on a mesoporous carbon
nitride host, Pd NPs-MCN.

Figure A.47. Relaxed structures (top and side views) of different carbon nitride scaffolds.
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Figure A.48. Low-magnification HAADF-STEM images of fresh Pd SAHCs based on different carbon
nitride scaffolds.
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Figure A.49. Top view configuration of the optimized palladium coordination sites within different
carbon nitride scaffolds with 6N, 9N and 15N pockets.
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Figure A.50. Calculated PDOS plots of the modeled relaxed GCN and PTI structures using HeydScuseria-Ernzerhof (HSE) method. Color code: orange - d -states of Pd, green - s- and p-states of GCN,
gray - s- and p-states of PTI.

Figure A.51. Relaxed geometry of the structure denoted as Pd-4heptazine in Table A.11.
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Detection of reactive intermediates in Suzuki coupling reactions. There are
abundant experimental studies that help understand the kinetics and reaction mechanism of
Suzuki coupling reactions.

[195–202]

However, only a few of them actually report the detection

and characterization of reactive intermediates from the catalytic cycle. In these cases, the
oxidation state of Pd is always indirectly inferred (on the basis of electron counting) from the
structures of the intermediates identified, rather than measured.
studies are summarized in Table A.19. Aliprantis et al.

[203]

[163,164,203–205]

The most relevant

used electrospray ionization mass

spectrometry (ESI-MS) to provide evidence of Pd(X) and Pd(Ar) intermediates, which likely
come from the fragmentation of the oxidation addition product Pd(X)(Ar). Later on, Masllorens
et al.

[204]

observed mono- and bis-aryl intermediates by ESI-MS. Sicre et al.

intermediate by

31

[205]

detected a key

P NMR, and DFT calculations tentatively assigned that structure to a Pd

boronate species. However, these techniques (ESI-MS and NMR) have proven incapable of fully
characterizing the composition or structure of the key transmetalation reactive intermediates. It
was not until recently that Thomas et al.

[163,164]

successfully detected intermediates containing

Pd-O-B linkages by rapid injection NMR. One of the reported structures (Pd(Ar)(RB(OH)3 ) is
found to be a relevant intermediate in our simulations (configuration, A2) in Figure 5.5 (also in
line with their computational results).

[163]

Note that these techniques are either not applicable

or do not provide the same sensitivity for the analysis of solids. One of the most powerful
approaches to gain insight into the function of heterogeneous catalysts is operando XAS.
Using this method to study the Suzuki coupling of mesitylene with phenylboronic acid over Pd
nanoparticles supported on polyvinylpyrrolidone, Lee et al.

[206]

evidenced the absence of metal

leaching by simulating potential changes in the radial-distribution function and comparing them
with measured values. On the other hand, Baiker et al.

[207]

monitored the evolution of leached

species observed at elevated temperature (423 K) during the related Heck reaction of phenyl
bromide with styrene over a commercial Pd/Al2 O3 catalyst, which were identified to be present
2-

2-

in the form of colloidal particles (2 nm) and bromopalladates ([PdBr4 ] , [Pd2 Br6 ] ). Insights
into the heterogeneous catalyst were also collected, evidencing the reduction of PdO likely
present on the surface of the as-supplied sample, and the sintering of supported nanoparticles
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during the reaction. However, although the presence of a homogeneous Pd(II) phase was
postulated to be responsible for the formation of biphenyl during the active phase of the
catalyst, it was not possible to detect this species until after the catalyst deactivated and
therefore the changes in the oxidation state during the reaction cycle could not be monitored.
This highlights the need for approaches with improved surface sensitivity and time resolution
for the in situ monitoring of changes in the binding and chemical state of Pd, which would
verify the continuous range of oxidation states expected for Pd@ECN.
Table A.14. Comparison of the turnover frequencies reported over palladium catalysts in the Suzuki
coupling of aryl bromides (R1 ) with phenyl boronic acid pinacol ester (R2 ) derivatives.
a

R2

Catalyst

Reaction conditions

H

H

Pd@ECN

DME : H2 O / K2 CO3 / 393 K / 10 min

549

H

H

Pd(PPh3 )4

DME : H2 O / K2 CO3 / 393 K / 10 min

34

H

H

Pd@ECN

DME : H2 O / K2 CO3 / 368 K / 12 h

1.9

H

H

C18 H25 Cl2 N3 O4 Pd

H2 O / K2 CO3 , TBAB / 333 K / 24 h

2.0

H

H

C24 H45 NP2 Pd

THF / Na2 CO3 / 338 K / 16 h

3.2

H

4-Me

(PPh3 )2 PdCl2

Solvent-free / KOH / 383 K / 24 h

8.2

H

3.5-DiMeO

SiliaCat DPP-Pd

THF : H2 O / KOH / 333 K / 5 min

75

4-CN

H

Pd(OAc)2

Toluene : MeOH / Cs2 CO3 / 333 K / 6 h

15

2-Me

H

Pd/C

H2 O : i -PrOH / Na3 PO4 / 298 K / 8 h

12

d [213]

4-Me

H

Pd/MIL-101Cr-NH2

H2 O : EtOH / K2 CO3 / 298 K / 0.5 h

66

d [214]

4-OMe

H

Pd/C

H2 O : i -PrOH / Na3 PO4 / 298 K / 24 h

4.0

4-OMe

H

Pd/DIAION HP20

H2 O : i -PrOH / Na3 PO4 / 298 K / 24 h

3.7

4-OMe

H

Pd/Graphene

H2 O : MeOH / K2 CO3 / 353 K / 20 h

57

4-C(Me)O

H

Pd/KIT-6

DMF : H2 O / K2 CO3 / 353 K / 2 h

100

d [217]

4-OMe

H

Pd/MIL-101-NH2

H2 O : EtOH / K2 CO3 / 323 K / 0.5 h

198

d [218]

4-C(Me)O

H

SiO2 -SH-Pd

DMF : H2 O / K2 CO3 / 353 K / 18 h

5.4

4-C(Me)O

H

MCM-41-SH-Pd

DMF : H2 O / K2 CO3 / 353 K / 2 h

48

4-C(Me)O

H

Al-SBA-15-SH-Pd

DMF : H2 O / K2 CO3 / 353 K / 2 h

19

a

b

c

TOF / h

1

R1

d

Solvent / base / temperature / reaction time. This work. Continuous mode. Batch mode.

b,c

b,c
b,d

d [208]
d [209]
d [210]

c [211]

d [212]

d [215]
d [215]

d [216]

d [219]

d [220]
d [220]
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Table A.15. Influence of metal loading on the performance of Pd-ECN in the continuous Suzuki
coupling of bromobenzene with phenylboronic acid pinacol ester. Reaction conditions as indicated in
Figure 5.3.
a

Pd / wt.%

TOF / h

–1

b
1
1
r / mmol min gcat

S /%

c

0.25

558

0.22

84

0.66

549

0.57

90

1.25

163

0.32

82

a

Determined by ICP-OES.

b

Rate of biphenyl formation per

gram of palladium or of catalyst.

c

Selectivity towards biphenyl

determined by HPLC.

Table A.16. Properties and performance of Pd SAHCs based on exfoliated and mesoporous forms
of carbon nitrides (ECN and MCN, respectively) in the continuous Suzuki coupling of bromobenzene
with phenylboronic acid pinacol ester. Reaction conditions as indicated in Figure 5.3.
b
2 1
S BET / m g

Pd / wt.%

Pdavg / -

C3 N4.6 H2.1 O0.2

150

0.66 (0.60)

3.10

549

90

C3 N4.5 H1.6 O0.4

185

0.81 (0.75)

3.41

97

83

Catalyst

Formula

Pd@ECN
Pd@MCN

b

a

c

d

TOF / h

1

e

S /%

a

Elemental analysis. BET method. ICP-OES (in parentheses, Pd content after 4 h on stream).

d

Palladium average oxidation state determined by XPS. Selectivity towards biphenyl determined

by HPLC.

c

e

172

Appendix A

Table A.17. Calculated formation energies (E form ) of Pd single atoms on different coordination sites
of ECN (6-fold N-cavity and a number of terminations) and N doped graphite (graphitic, pyridinic
and pyrrolic-N defects). The defect sites are indicated in Figure A.59. Defect sites s3 and s4 were not
identified as local minima (single point calculations reveal similar binding energies to graphitic-N).
The formation energy is calculated according to the difference of Pd@ECN SAHC versus pure ECN
host and an isolated single Pd atom.
Host

Defect site

ECN

6-fold N-cavity

ECN

N-doped graphite

a

Site label

E form / eV

2.42
s1

0.13

s2

1.23

s3

-

s4

-

Pyridinic-N (3)

1.86

Pyridinic-N (4)

2.42a

Graphitic-N (4)

3.63

Pyrrolic-N (1) + Pyridinic-N (2)

2.46

Pyrrolic-N (3)

0.96

Surface Termination

Defect

Although the pyridinic-N (4) site binds Pd with a similar affinity as the ECN (as expected since they are

similar in nature), the C/N ratio of the pyridinic-N (4) sites differs from the experimental observations.
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Table A.18. Relative energy (E ) and Bader charges (q) assigned to Pd and the normalized
coordination number (NCN) for different intermediate and transition states on Pd@ECN. The
coordination number was determined by summing the bond fraction of all Pd N1-6 interatomic
distances in the six-fold cavity. The normalized coordination number was scaled so that the highest
value is equal to 6.
State

E / eV

Reactants

a

a
TS1
b
c
TS2
A1
A2
TS3
A3
d
TS4
e
a

Products
a

0.00

0.86
0.75
2.14
2.13
1.64
2.42
2.13
0.79
2.26
1.75
1.21
2.68
1.27

q / ·e

-

·

NCN / -

0.49

5.83

0.52

6.00

0.46

4.57

0.51

3.16

0.75

2.76

0.69

2.95

0.68

3.31

0.67

3.27

0.58

2.92

0.45

2.63

0.46

2.95

0.40

3.04

0.33

2.96

0.49

5.83

Values of q and NCN refer to the clean

Pd@ECN catalyst.
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Table A.19. Summary of the techniques used to characterize the reactive intermediates during the
Suzuki coupling reactions.
Intermediate

Pd oxidation state

Technique

Pd(X)

2+

ESI-MS

[203]

Pd(Ar)

2+

ESI-MS

[203]

Pd(Ar)

2+

ESI-MS

[204]

Pd(Ar)2

2+

ESI-MS

[204]

Pd(Ar)(RB(OH)3 )

2+

MNR + DFT

Pd(Ar)(RB(OH)3 )

2+

RI-NMR

[163,164]

Pd(Ar)(RB(OH)O)

2+

RI-NMR

[163,164]

[205]

Surface defect Pd atoms

0

Operando XAS

[206]

Leached Pd colloids (2 mn)

0

Operando XAS

[207]
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Figure A.52. a) XRD patterns confirm the expected crystalline structure. The reflections at

`

`

13.1 2θ (100) and 27.3 2θ (002) stem from the in-plane repeating motifs and graphite-like interlayer
stacking, respectively. b) Argon isotherms evidence highly comparable total surface area (150, 146

1 for ECN, Pd@ECN and Pd@MCN, respectively). c) TGA profiles evidence a slightly
higher thermal stability for Pd@ECN in comparison to Pd@MCN (the temperature for 50% weight
loss for Pd@ECN and Pd@MCN is 953 and 897 K, respectively). d) DRIFTS confirm the existence of
1
condensed aromatic CN heterocycles. The absorption at 816 cm can be assigned to the deformation
1
vibrations of the tri-s-triazine ring, while the bands at 1278, 1343 and 1502 cm are attributed
1
to the aromatic C-N heterocyclic stretching and those at 1594 and 1718 cm to C=N stretching.
1
The broad bands in the range of 3000-3300 cm are related to the uncondensed terminal NHx
1
stretching. The band at 2173 cm in Pd@MCN can be assigned to the poorly-polymerized cyano
[84,85]
groups (CN) or cumulated double bonds (NCN).
e), f ), C 1s and N 1s XPS spectra. A single
broad contribution in the C 1s spectra at 288.3 eV, corresponds to the CN3 bonds in the tri-s-triazine
rings. Comparatively, the N 1s spectra can be deconvoluted into three main peaks at 398.7 eV (ring
nitrogen, C-N=C), 399.8 eV (tertiary nitrogen, NC3 ) and 400.9 eV (NHx groups). The observation of
tertiary nitrogen groups and the C-N=C/NC3 ratio of around 6 in all the carriers is consistent with
a structure based on tri-s-triazine.
2

and 183 m g
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Figure A.53. Additional AC-STEM images of a,b) fresh and c,d) used Pd@ECN catalyst, confirming
the atomic dispersion of palladium. To rule out any effect of the applied high energy electron beam
(300 kV), a dedicated gentle AC-STEM was also carried out at 60 kV. The enhanced carrier visibility
in these imaging conditions further evidence the atomic dispersion of Pd over ECN host. Images in a)
and c) were acquired at 300 kV and images in b,d) were acquired at 60 kV.

Figure A.54. a) HAADF-STEM image with the elemental map of Pd overlaid of the fresh catalyst.
b) and c) Additional HAADF-STEM images of the Pd@ECN in b) fresh and c) used form, confirming
the absence of nanoparticles.
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Figure A.55. Influence of the reaction parameters: a) temperature (P = 8 bar, τ = 10 min),
b) pressure (T = 393 K, τ = 10 min) and c) residence time (T = 393 K, P = 8 bar) on the
reaction rate (r ) and selectivity to biphenyl in the continuous Suzuki coupling of bromobenzene with
phenylboronic acid pinacol ester over Pd@ECN and Pd(PPh3 )4 .

Figure A.56. Influence of reaction temperature (P = 8 bar, τ = 10 min) on the conversion of
bromobenzene and selectivity to biphenyl in the continuous Suzuki coupling of bromobenzene with
phenylboronic acid pinacol ester over Pd@ECN (0.3 g). The selectivity is above 82% even when the
conversion reaches 98% at 393 K.
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Figure A.57. Distinct configurations of the a) continuous and b) batch modes used to evaluate the
catalyst performance in the Suzuki reaction. Additional tests conducted to exclude the role of leached
species c) recirculation of the product stream through a reactor filled with inert silica beads and
d) assessment of the stability of the homogeneous catalyst in the reagent solution. The panels on the
right highlight the expected trends in conversion in the absence (stable) or presence of leaching with
time on stream or time, respectively.
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Figure A.58. Pd 3d core level XPS spectra of PdAc-MPES/SiO2 in fresh and used form. The used
catalyst was recovered from a cartridge evaluated in the library of continuous Suzuki couplings reported
in Figure 5.4. The significantly reduced intensity is in line with the extensive leaching of palladium
0

evidenced for the used sample. The formation of metallic Pd in the used catalyst is indicative of the
aggregation of palladium during the Suzuki reaction.

Figure A.59. Investigated defect sites on a) terminated ECN (heptazinic-N, s1, s2; aminic-N, s3, s4)
and b-f ) N-doped graphite with different nitrogen species (graphitic, pyridinic and pyrrolic-N atoms).
In parentheses, the number of the nitrogen atoms. The formation energy for the defects is given in
Table A.17.
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Figure A.60. Reaction pathways of the Suzuki coupling of bromobenzene with phenylboronic acid
pinacol ester on Pd@ECN (top), Pd(PPh3 )4 (middle) and an isolated Pd atom (bottom).

Figure A.61. The effect of temperature on the Suzuki coupling of bromobenzene with phenylboronic
acid pinacol ester on Pd@ECN. ∆E 0 at 0 K (no vibrational contributions) and the Gibbs free energy
profile (∆G) with included zero-point energies and vibrational contributions at 393 K.
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Figure A.62. a) Pd 3d XPS shifts (with reference to the relaxed Pd-ECN system within the 6-fold
cavity) of snapshots taken during an ab initio molecular dynamics (MD) run. The configurations
with the lowest (s, surface; top left) and highest (ss, subsurface; top right) XPS shifts are shown.
b) Distances to the nearest neighboring N atoms (Å). For structure (s) the N positions are same as in
Figure A.64. All Pd-C inter-atom distances are above 3.6 Å. Structure (ss) is coordinated by 3 N atoms
from the surface layer (2.04, 2.36, 2.74 Å), with the remaining 3 N atoms coming from the subsurface
(2.13, 3.39, 3.59 Å). There are 3 C atoms close to Pd in this configuration at 2.02, 2.10, 3.00 (surface)
and 3.06 Å (subsurface). c) The Pd 3d XPS shifts during the Suzuki coupling of bromobenzene with
phenylboronic acid pinacol ester over Pd@ECN.
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1

Figure A.63. H-NMR of Pd(dtbpf)Cl2 (blue), Pd(OAc)2 (red) and Pd(PPh3 )4 (black) confirm the
high purity of the homogeneous catalysts investigated.

Figure A.64. a) Potential energy (E P ) of the approach of a Pd atom to an ammonia molecule,
calculated discrete bond lengths (green triangles) and fitted curve (green line). b) Bond fraction (F B )
of the Pd–NH3 scaled with the potential energy (red line) and the bond fractions calculated (gray
lines) for the N-coordination sites within the six-fold cavity of g-C3 N4 (shown inset). c) Heat-map of
interatomic Pd-N distances (identified in b) for the intermediate and transition states as labeled in
Figure A.60.
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Chapter 6
The visualization of atomically-dispersed Pd supported on carbon nitride by
aberration-corrected scanning transmission electron microscopy (STEM) poses a significant
challenge. In particular, three factors need to be considered:
Two-dimensional transmission imaging. Contrast in aberration-corrected ADF-STEM
images develops from electrons transmitted through the sample. The contrast follows the atomic
number density in the material that the focused probe interacts with through the sample and can
be approximated as a two-dimensional projection image. Consequently, the images formed do
not contain directly interpretable information on the three-dimensional arrangement of atoms
or clusters. Moreover, in order to achieve high spatial resolution, the incident beam is configured
with a large convergence angle, limiting the depth of field. As a result, atoms that are not in the
focal plane of the scanning electron probe may appear blurred (and therefore not identifiable as
atoms) or may not be visible in the image. To some extent, this limited depth of field mitigates
the issue of incomplete three-dimensional information insofar as clusters will by nature consist of
atoms in close three-dimensional proximity. This precludes, for example, mistakenly identifying
a pair of atoms on opposite sides of a sample as a dimer unless the sample is very (exceptionally)
thin. However, it is also possible that some constituent atoms in clusters may not be recorded
in the limited depth of field, and thus metal ensembles may appear smaller than they actually
are.
Electron-induced atom motion. The electron beam can transfer several electronvolts
of energy into the sample which can result in the motion of atomically dispersed metals.

[221]

Consequently, clusters may break apart under electron beam irradiation and atoms may diffuse
to non-native positions on the support. Such motion could lead to clustering in originally
non-clustered samples, or in diffusion away from clusters in natively clustered samples. Atom
movement under the electron beam also means that double-counting atoms in AC-STEM
imaging is possible. If the atom ‘jumps’ immediately after it is initially scanned by the electron
beam, it may be captured a second time as the electron beam continues scanning over the
sample to form the image. Therefore, features that appear as dimers or trimers may in some
cases be a single atom that is imaged more than once in a single scanned frame.
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Limited sampling. There are intrinsic restrictions to the amount of a bulk sample that can
be readily interrogated in AC-STEM. Among other considerations, thin regions of the sample
are required for atom-resolved imaging. This consideration may bias site selection for analysis.
Inhomogeneity within the bulk sample may not be revealed. For homogeneous samples and
by examining many sites, this uncertainty should be mitigated. Overall, the electron optical
configurations were selected such that images are noisy but interpretable for these samples.
Limited depth of field likely contributes to false negatives (clusters mistakenly recorded as single
atoms). Electron-induced motion likely contributes to false positives (single atoms mistakenly
recorded as clusters). By examining many sites from several samples, we sought to minimize any
effects due to limited sampling. By comparing samples for single atoms, dimers and trimers with
comparable imaging conditions side-by-side we believe the false positives and false negatives
should be of comparable rates in all samples, and, therefore, we conclude that statistical
differences between the samples (as evidenced by the NN distance distribution analyses) reflect
real differences in the Pdx @ECN samples.
Table A.20. Properties of the catalysts.
b

Catalyst

Metal content

Metal

/ wt.%

speciation

Fresh

0.57

HY

State

a

Pd

2+

4+

:Pd

S BET

e

V pore

ratio / -

2 1
/m g

Atoms

0.56

147

0.18

0.56

Atoms

0.55

115

0.16

SC

0.52

Atoms

0.43

60

0.09

Fresh

0.46

Dimers

0.61

152

0.20

HY

0.43

Dimers

0.40

104

0.15

SC

0.44

Nanoparticles

1:2.2:4.8

32

0.04

Fresh

0.46

Trimers

0.93

165

0.22

HY

0.46

Trimers

0.90

110

0.15

29

0.04

Pd1 @ECN

Pd2 @ECN

Pd3 @ECN

SC

0.42

c

Nanoparticles

d

1:2.7:5.2

g

g

3

f

/ cm g

1

a

HY – after semi-hydrogenation of 2-methyl-3-butyn-2-ol, SC – after Suzuki coupling reaction.

b

ICP-OES.

g

Pd :Pd

0

2+

c

AC-STEM.
4+

:Pd

ratio.

d

XPS.

e

BET method.

f

Volume of Ar adsorbed at p/p 0 = 0.96.
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Table A.21. Reference reactions used to compute the formation energy per Pd atom in the ensemble
(E form ) of the Pdx @ECN catalysts from the starting complexes.
Carrier

Reaction

E form / eV

Pd1 @ECN

Pd(NH3 )4 (NO3 )2 + ECN + H2

Pd2 @ECN

(PdCl(C3 H5 ))2 + ECN

Pd3 @ECN

Pd(CH3 COO)2 )3

 Pd @ECN + 4NH
1

3

+ 2HNO3

 Pd @ECN + 2C H Cl
+ ECN + 3H  Pd @ECN + 6CH COOH
2

3

2

3

5

3

3.42
0.92
1.37

Table A.22. Aggregation and dissociation paths of small Pd ensembles. All structures represent the
most stable local minima for their corresponding ensemble and are visualized in Figure A.77. The
aggregation energy is defined as E agg = E Pdx @ECN + (x –1)Pd/ECN – x EPd1 @ECN (for aggregation
paths 1 and 2, x = 2, 3) or E agg = E Pd3 @ECN + Pd/ECN – E Pd1 @ECN – E Pd2 @ECN (for path 3).
The dissociation energy is defined as E diss = xE Pd1 @ECN – (E Pdx @ECN + (x –1)EECN ) (for dissociation
paths 1 and 3, x = 2, 3) or E diss = (E Pd1 @ECN + E Pd2 @ECN ) – (E Pd3 @ECN + E ECN ) (for path 2).
Path

Proposed aggregation path

E agg / eV

1

0.18

2

0.55

3

0.37

Path

1

Proposed dissociation path

a

2

1.80

1.25

0.55

3
a

E diss / eV

The structure d2 was selected as the most stable computed structure of an intact dimer, with a

Pd-Pd bond distance lower than 3 Å.
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Table A.23. Results of the EXAFS fit.
Catalyst

Pd1 @ECN

Pd2 @ECN

Pd3 @ECN
a

a

Coordination shell

CN / -

Pd-N/O

3.4 (3)

Pd-Pd

σ

2 b

/ Å

2

c

d

R / Å

Ref. / Å

0.004 (5)

2.019 (5)

2.0139

0.1 (3)

0.004 (5)

2.75 (2)

2.7708

Pd-N/O

2.5 (3)

0.004 (5)

2.019 (5)

2.0139

Pd-Pd

0.6 (5)

0.008 (4)

2.75 (2)

2.7708

Pd-N/O

2.8 (3)

0.004 (5)

2.019 (5)

2.0139

Pd-Pd

0.4 (4)

0.008 (4)

2.75 (2)

2.7708

e

∆E 0 / eV

5.6 (1.3)

6.9 (1.6)

7.6 (1.4)
b

c

d

Coordination number. Debye-Waller factor. Coordination distance. The initial value for
e

coordination distance in PdO and Pd foil references used in the fit. Energy shift. Error on
the last significant digit is given in parenthesis.

Table A.24. Results of the BOMD nitrogen coordination environment analysis.
Catalyst

Pd atom

Pd1 @ECN

Pd2 @ECN

10.9

 0.5
3.80.8

10.9

 0.7
2.4  1.3
1.3  0.7

100.0

1

4.4

2
3

2.3

Normalized coordination number

deviation.

b

b

TF surf / %

 0.9

4.3

1

a

 SDa / -

1

2

Pd3 @ECN

NCN



standard

Fraction of simulation time (TF surf )

that the Pd ensemble spent on the surface (versus
subsurface) of the ECN host.

The controlled aggregation of Pd atoms (Figure 6.1, red dashed arrows) is attractive for the
study of nuclearity effects as all materials would derive from the same parent sample. However,
consistent with the high stability expected for Pd1 @ECN, analysis by scanning transmission
electron microscopy evidences no change in the metal speciation upon thermal treatment in a
helium flow up to 773 K, the maximum temperature that can be applied prior to decomposition
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Figure A.65. STEM micrographs of Pd1 @ECN after treatment under a) He flow at 773 K or b) H2 O
flow (30 vol.%) in He at 573 K for 3 h.

of the host. In contrast, treatment at 573 K in the presence of 30 vol.% water (blue line) leads
to the formation of abundant nanoparticles of various size (between 2-10 nm). Therefore, this
route was not pursued after preliminary trials.
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Figure A.66. a) Powder XRD patterns and b) Ar isotherms at 77 K of the ECN carrier and

`

Pdx @ECN catalysts. The color code in a) refers to both graphs. The reflection at 27.7 2θ presents in
all samples and corresponds to the interlayer distance of 0.322 nm. The slightly increased BET surface
2

1

area (ranging from 147-165 m g ) in the Pd-containing samples results from the sonication of the
host during the catalyst preparation. HAADF-STEM micrographs and elemental maps acquired by
EDX spectroscopy of c) Pd2 @ECN and d) Pd3 @ECN.
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Figure A.67. TGA profiles of a) Pd(NH3 )4 (NO3 )2 , b) [PdCl(C3 H5 )]2 and c) [Pd(OAc)2 ]3 used for
Pdx @ECN synthesis and corresponding mass spectrometry signal. Dashed gray lines indicates the
T = 573 K of thermal treatment of as prepared Pdx @ECN.
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Figure A.68. AC-STEM micrographs of a) Pd2 @ECN and b) Pd3 @ECN.
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Figure A.69. AC-STEM micrographs of a) Pd1 @ECN, b) Pd2 @ECN and c) Pd3 @ECN. The
corresponding nearest neighbor (NN) distance distributions (white bars) and the curves expected for
a random distribution of atoms in the same area (red line) are shown inset. To facilitate visualization,
Pd atoms are shown as white dots in the center column. Pd dimers and trimers in representative
orientations (i-iii, right column) are highlighted by red, yellow and white circles.
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Figure A.70. Evolution of the Pdx @ECN systems during the BOMD simulations. a) Interaction
energy between the ECN host and Pd species calculated as the difference between the electronic energy
of the unrelaxed molecular dynamic snapshot in the presence or absence of the metal, with an isolated
Pdx as reference. b-d) The distance (d in Å) between the Pd atoms except in the case of the Pd single
atom, where the distance d (N6) is defined as the average distance between the Pd atom and the six
-

N atoms of the ECN cavity, the Bader charges (q in ·e ·) of Pd atoms and relative Pd 3d XPS shifts
versus the minimal shift recorded over the simulation (BE in eV).
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Figure A.71. Fourier transforms of the EXAFS spectra of a) allylpalladium chloride dimer, stabilized
Pd dimers on carbon nitride. b) palladium acetate trimer and stabilized Pd trimers on carbon nitride.
The spectra of Pd foil is compared for reference. c) The position and intensity of the white lines of
Pd K -edge normalized EXAFS spectra of Pdx @ECN. Pd foil and PdO are presented for reference
purpose. The absence of the Pd-Cl contribution in the spectra of Pd2 @ECN suggests the successful
removal of the ligands.

Figure A.72. Scheme of the first coordination sphere of Pd in the cavity of the ECN host illustrating
the distinct Pd-N bond lengths.
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Figure A.73. a) Classification of nitrogen atoms in the top two layers of ECN (color code: blue - N,
gray - C, green - Pd) illustrated for Pd1 @ECN; Ncav – N atoms in the surface cavity occupied by
the Pd atom or ensemble at the beginning of the Born–Oppenheimer molecular dynamics simulation;
Nsurf – other N atoms present in the surface layer; Nsub – N atoms that are located in the subsurface
layer. b) Assignment of Pd-N bond fractions to Pd-N distances following the shape of the Morse curve
of a Pd atom approaching a NH3 molecule. c) Using this curve, bond fractions were computed for
all steps of the BOMD run. Plots d-f ) show the variation in the coordination and position of Pd for
d) Pd1 @ECN, e) Pd2 @ECN and f ) Pd3 @ECN with respect to the three N groups defined in a). The
color code defined in b) is used for d-f ).
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Figure A.74. a) DRIFTS and b) pulse chemisorption analyses of CO adsorbed on Pd1-3 @ECN. In
a) the spectra prior to CO adsorption has been subtracted. The spectra of CO a) and the profile of
2

1

a commercial Pd/C (b, 5.2% dispersion, specific surface area 23 m g ) are shown for reference.
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Figure A.75. HAADF-STEM micrographs and XPS of a) Pd1 @ECN, b) Pd2 @ECN and
c) Pd3 @ECN recovered after the semi hydrogenation of 2-methyl-3-butyn-2-ol. Dashed and dotted
4+

lines correspond to the fitted Pd

and Pd

2+

species, respectively. Black and blue lines represent the

fitted results and background, respectively. The circles show the raw data.

(green line). Color code: green - Pd, gray - C, blue - N, red - O and white - H. TS, transition state.

Figure A.76. Reaction paths for the hydrogenation of 2-methyl-3-butyn-2-ol over Pd1 @ECN (blue line), Pd2 @ECN (pink line) and, Pd3 @ECN
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Figure A.77. Formation energies of Pd ensembles (E form versus bulk Pd) = (E Pdx @ECN

 E ECN -

xE Pd,bulk) /x ; x = 1-3) referenced to the unperturbed scaffold and bulk Pd. The initial structures
shown were generated by sampling the BOMD trajectory and subsequently relaxed to reveal potential
energy surface minima.
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Figure A.78. HAADF-STEM micrographs and XPS spectra of a) Pd1 @ECN, b) Pd2 @ECN and
c) Pd3 @ECN recovered after the Suzuki coupling of bromobenzene with phenylboronic acid pinacol
ester. Insets in the micrographs of b) and c) indicate the particle size distribution determined for
4+

these samples. Dashed, dotted and solid lines correspond to the fitted Pd

2+

, Pd

0

and Pd species,

respectively. Black and blue lines represent the fitted results and background, respectively. The circles
show the raw data.
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Poster: Atom-by-Atom Resolution of Structure-Function Relations over Low-Nuclearity Metal
Catalysts
th
ICAT - ETH workshop on Catalysis, Zurich, Switzerland, 10 September 2019
E. Vorobyeva, E. Fako, Z. Chen, S. Mitchell, N. López, J. Pérez-Ramı́rez
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Talk: A Heterogeneous Single-Atom Palladium Catalyst Surpassing Homogeneous Systems for
Suzuki Couplings
th
Jahrestagung der Fachgruppe Nachhaltige Chemie, Aachen, Germany, 18 September
2018
E. Vorobyeva, Z. Chen, S. Mitchell, R. Leary, P.A. Midgley, J. Thomas, E. Fako, N. López,
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