Doctoral theses at NTNU, 2015:221

Andrey Volynkin

The role of carbon supports in platinum
catalyzed hydrogenation/dehydrogenation
model reactions

)
n
Q

e

|_
(O
G
®)

)
@)
@)

A

ISBN 978-82-326-1098-3 (printed version)
ISBN 978-82-326-1099-0 (electronic version)

ISSN 1503-8181
O o “6 > TU > o
(=] o

8 Ezgs53t

o Zyp 2w 209

= o £ Z c c

Q > 0w UG

o 2285

= =2 gel g ae) w

@ cc>Scw®

o 55858

& gyl g

2 26 <cS=c

= S5 209

5 Zv 85

= c

< 3]

o £

o ©

on )

) a

=
NTNU - Trondheim NTNU - Trondheim
Norwegian University of Norwegian University of
Science and Technology Science and Technology

C

NNIN @



Andrey Volynkin

The role of carbon supports in
platinum catalyzed hydrogenation/
dehydrogenation model reactions

Thesis for the degree of Philosophiae Doctor

Trondheim, September 2015

Norwegian University of Science and Technology

NTNU - Trondheim
Norwegian University of

Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the degree of Philosophiae Doctor

© Andrey Volynkin

ISBN 978-82-326-1098-3 (printed version)
ISBN 978-82-326-1099-0 (electronic version)
ISSN 1503-8181

Doctoral theses at NTNU, 2015:221

{/{,/;/ Printed by Skipnes Kommunikasjon as

4
RSN



Acknowledgements

First and foremost, I am very grateful to my main supervisor, Professor Edd A.
Blekkan and my co-supervisor, Professor Magnus Renning for giving me
opportunity to work at Norwegian University of Science and Technology
(NTNU), Department of Chemical Engineering. I would like to express my
gratitude and sincere appreciation for their guidance, assistance, and

encouragement throughout my PhD studies.

I thank all the members of the Catalysis group and SINTEF for a nice working
environment and for giving me inspiration. It has been a pleasure to be a part of

Department of Chemical Engineering.

This work would not be possible without help from my friends and colleges,
especially, Navaneethan Muthuswamy, Ilya Gorelkin, Eirik Ostbye Pedersen,
Alexey Voronov, P. V. Daham S. Gunawardana, Nikolaos E. Tsakoumis, and

Nicla Vicinanza, and I am very grateful for their help and support.

My special thanks go to Department of Chemical Engineering executive officer
Lisbeth Roel for help concerning paperwork and access, department engineers
Harry Brun for help concerning gases and gas detectors, Arne Fossum for
ordering chemicals, Karin Dragsten and May Grete Setran for help with various
instruments, workshop engineers Jan Morten and Odd Hovin and glass
workshop engineer Astrid Salvesen for helping me with catalytic rigs and

reactors.

I am grateful to Dr. James McGregor and members of Department of Chemical
Engineering and Biotechnology at Cambridge University, especially Dr. Liam

McMillan and Professor Lynn Gladden for valuable discussion concerning my



work, assistance and for giving me opportunity to work at University of

Cambridge during my stay in UK from October 2012 to April 2013.

The financial support from the Research Council of Norway through The Gas
Technology Centre NTNU- SINTEF (GTS) is gratefully acknowledged.

Finally and most importantly, I would like to thank my wife, parents, and

parents in law for their immense support, understanding and patience.



Abstract

The diversity of carbon materials provides many opportunities for the use of
those materials in catalysis, including as support materials for metal catalysts.
However, this diversity of carbon structures and properties also introduces a
challenge, as different carbon supports can influence the catalytic properties in

ways that can be difficult to predict.

In this thesis, five carbon materials with different structure and properties,
carbon black, multiwalled carbon nanotubes, platelet carbon nanofibers, conical
platelet carbon nanofibers, and graphite, have been characterized and used as
support for platinum nanoparticles produced by the polyol method. The relation
between the carbon structure and the dispersion of platinum has been
investigated and the effect of carbon on the catalytic properties of platinum has
been studied with two model reactions, dehydrogenation of propane and

hydrogenation of ethene.

The results show that transmission electron microscopy (TEM) and CO stripping
by cyclic voltammetry (CV) gave consistent values for platinum dispersion for
platinum catalysts supported by carbon nanofibers and carbon nanotubes. There
were some discrepancies between the techniques for Pt/graphite and Pt/carbon
black, possibly due to issues with mass transfer limitations, the particle size
distributions, and TEM resolution. The results from the hydrogenation of ethene

were consistent with the results from TEM and CV.

It was found that the metal dispersion is important, but not the only parameter
influencing the catalytic activity of carbon-supported catalysts. In catalytic
dehydrogenation of propane, the Pt supported on carbon black showed a higher
conversion and turnover frequency (TOF) value than catalysts prepared using

carbon nanofibers, carbon nanotubes, and graphite as support. In addition to



giving a higher turnover frequency, the propane dehydrogenation reaction over
Pt supported on carbon black was less susceptible to deactivation in experiments
without co-fed hydrogen, indicating that the carbon black support either reduces

the rate of coke formation or the toxicity of the coke formed.

This high conversion observed for Pt supported on carbon black when used for
propane dehydrogenation has not been observed when structure insensitive
ethene hydrogenation was used as a model reaction, confirming that the high
conversion and longer lifetime compared to other tested catalysts was not caused
by a higher dispersion. It is suggested that other effects, such as metal-support
interaction, can play an important role in influencing the properties of carbon-

supported catalysts.
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Chapter 1 Introduction

1. Introduction

1.1 Carbon materials

The diversity of carbon materials is impressive, almost one thousand different
carbon materials are known [1] and it is likely that many more are to be
discovered. Carbon materials show a wide range of interesting mechanical,
electrical, optical, and other properties. Therefore, they are very promising
structural and functional materials for future applications. The reason for this
diversity of carbon materials is the ability of carbon to form stable sp” and sp’
hybridized structures. Although syntheses of stable sp materials, such as
carbyne, consisting of linear acetylenic carbon have been reported [2] they are
beyond the scope of this discussion. Some of the sp” and sp’ structures of
synthetic carbon allotropes (SCA) are presented in Figure 1.1. They can have
different degrees of order on nano-, meso-, and macro-level and contain
different defects. The name “allotrope”, meaning a structural modification of a
single element, should be used with care as a majority of carbon materials do not
have a defined structure, but instead have a complex and insufficiently described
composition [3]. In addition, the highly diverse world of the carbon materials is
further complicated by the presence of heteroatoms and other impurities, which

further expand the range of their chemical and physical properties.

There is no universal classification that can be applied to the whole range of
carbon materials. The carbon materials that can be related to graphite by being
composed of graphene layers can be classified by the orientation of those layers,
as shown in Figure 1.2. This classification is frequently applied for
nanostructured carbons such as carbon nanofibers (CNFs) and carbon nanotubes

(CNTs). By this classification, we can distinguish single and multiwalled CNTs
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Figure 1.1 Some of the properties of carbon structures are presented in

rectangular boxes, and families of carbon structures are presented in ovals [3].

as consisting of one or many tubular graphene layers with their surfaces parallel

to each other and to the tube direction. Likewise we have different CNFs with

graphene surfaces stacked in perpendicularly to the fiber direction as in platelet

fibers or are tilted at a sharp angle relative to the fiber direction as in fishbone

(also known as herringbone) or stacked cone fibers [4]. Some of the fibers can

have a hollow space inside. Other kinds of CNFs can similarly be described by

this classification, for example, ribbon and cone-helix nanofibers [5]. However,

this classification cannot be extended to describe more complex carbon

structures [1].
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Some of the first transmission electron microscopy (TEM) evidence of the
carbon nanotubes was presented in 1952 by Radushkevich et al. [6; 7]. They
have reported that carbon produced by a thermal decomposition of CO on iron
powder contains seemingly hollow wormlike structures with iron carbide
particles on their tips. At that time, the discovery did not make an impact on the
scientific literature. The research community gained interest in multiwalled
carbon nanotubes (MWCNTs) and their potential applications in 1991 when
Iijima reported the observation of tubular carbon structures [8]. This publication
was readily discussed, as it was only six years after another new allotrope of
carbon, spherical fullerenes, was discovered. In 1993, the discovery of single-
walled carbon nanotubes (SWCNTSs) was reported by Iijima and Ichihashi [9],
and independently by Bethuene et al. [10]. This has reasserted nanostructured

carbon materials as a hot topic in the scientific community ever since.

AN N

O

©

o L

(a) Single Wall (b) Multi Wall (c) Platelet (d) Stacked cone
Nanotube Nanotube Nanofber (herringbone) nanofiber

Figure 1.2 Examples of the common carbon nanofilament structures [11; 12].

In contrast to CNTs, other types of filamentous carbon have been well known

before the 20™ century. Already in 1889 a process of forming carbon filaments
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by thermal decomposition of hydrocarbons was patented [13]. Filamentous
carbons have also been known for many years as undesired byproducts in the
catalytic steam reforming and methanization processes. The formation
mechanism of those fibers has been described in order to understand and limit
the carbon fiber formation because it can lead to the deactivation of the catalysts
by disintegration and occlusion of catalytic metal by carbon. Formation of the
carbon fibers can even lead to rupturing of the reactor walls [14]. However, as
with CNTs, the discovery of nanostructured carbon fibers was not possible
before the transmission electron microscope (TEM) became readily available.
One of the first studies of the microstructure of CNFs has been published by
Hillert and Lange in 1959 [15].

The carbon nanomaterials can be produced using several different methods
including arc discharge, laser ablation, and chemical vapor deposition. While
the first MWCNTs were produced using the arc discharge, this method today
together with laser ablation of graphite is more commonly used to produce
SWCNTs, and the latter method has allowed mass production of MWCNTSs and
CNFs [16]. A simplified model for the catalytic formation of CNFs and CNTs
by the catalytic chemical vapor deposition (CVD) involves dissociation of the
carbon-containing gas at the catalyst metal surface, followed by either
dissolution of carbon into the bulk of the metal particle and diffusion of carbon
trough the metal or by carbon diffusion along the surface of the particle. Then
the carbon is precipitated as graphitic layers on another surface of that particle
[17; 18; 19; 20]. The structure of CNFs and CNTs is strongly dependent on
growth catalyst properties (catalytic metal or metals, metal dispersion, catalyst
support, etc.), carbon source (CO, CH,, C,Hg, etc.) and reaction conditions

(Hy/hydrocarbon ratio, temperature, and pressure).
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The marked for the carbon nanomaterials has grown dramatically for the last
few years, and it is expected to grow further as the carbon nanomaterials find
new applications, and the mass production pushes the price down. Per 2011 the
MWCNTs were the most important nanomaterials, accounting for 28% of the
market share of the overall nanomaterial demand, with plastics and composite
producers being the largest CNT consumers [21]. Applications of nanostructured
carbons are becoming more numerous but are still in their infancy and often
limited by the high cost of high-quality materials. As new high-quality
nanostructured materials will become more available, future applications might
utilize advanced properties of those materials for more specialized uses such as
in the electronic industry, energy storage, and photovoltaic cells [21]. This can
impact the use of nanostructured carbons in catalysis and possibly lead to the

first large-scale commercial use of catalysts based on nanostructured carbons.

For applications in catalysis, the carbon materials are interesting both as catalyst
supports and catalysts on their own. At the same time, it is important to
minimize the formation of catalyst deactivating carbons when dealing with
carbon-containing reactants and products. Carbon formed as a byproduct is
usually described by the word “coke”. However, there are many different carbon
materials with different C/H ratios that can be described with this term [22].
Deactivation of catalysts by coking is one of the most important technological
and economic problems in the petrochemical industry. Usual countermeasures
against the coke formation in gas phase reactions are an application of a more
coke resistant catalyst and changing reaction conditions (temperature, hydrogen
or steam partial pressure, etc.). When the catalyst activity becomes unacceptably
low, the catalyst is often regenerated by coke combustion. A coke resistant
catalyst can still have high activity of coke formation, but this coke does not

have a detrimental effect on the activity.
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Some carbon materials, such as active carbons, have been used commercially as
catalyst supports for decades due to their high surface area, low cost of
production, stability at non-oxidizing conditions in both acidic and basic media,
possibility of tuning the graphitic structure and hydrophobicity by adding
functional groups [23], and easy recovery of the supported metals by support
combustion. In addition, the electrical conductivity of carbons is important for
electrocatalysis, for example, when carbons are used as electrode materials.
Nevertheless, active carbons are mainly derived from natural sources and are not
designed to have a specific structure at nano-level. Therefore, those materials do
not offer the same possibilities as CNTs and CNFs. The potential advantages
given by use of nanostructured materials in catalysis as compared to other types
of carbon materials are summarized by Ampelli et al. [23]. Some of those

advantages are:

e Better control over micro- and mesoporosity. Mesoporosity in CNTs and
CNFs is primarily voids between tubes or fibers, while microporosity is
associated with fiber or tube structure. Most CNTs and CNFs do not have
any significant amount of micropores and this can be an advantage as it
gives improved diffusion and gives better utilization of the catalyst.

e Nanostructured carbons can have more uniform characteristics than
carbons produced from a natural feedstock (nutshells, peat, etc.).

e Nanostructured carbons can be produced with fewer structural defects, or
controlled types and densities of defects.

e Nanostructured carbons are usually more resistant to oxidizing conditions
than activated carbons.

e Better electron and heat transport.

e Possibility to utilize effects caused by the surface curvature of CNTs for

making the active sites more effective.
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¢ Possibility for nano-engineering of catalytic sites.

1.2 Functionalization of and metal loading on carbon supports

Carbon materials produced by the CVD method usually contain remains of
growth catalyst. Those remains can still be catalytically active and sometimes
they have to be removed. This is commonly done using acid treatment, for
example with hydrochloric acid (HCI) [24] or oxidizing acids as nitric acid
(HNOs) [3; 24; 25; 26; 27]. The treatment with HCl does not significantly
damage the carbon structure while the treatments with oxidizing acids will
introduce oxygen-containing functional groups and severe treatments with those
acids can damage the carbon structure. Both methods can be done with different
acid concentrations, different temperatures, and different time periods. In some
cases to remove growth catalyst metal is not sufficient, and growth catalyst
support has to be removed as well. For this purpose the carbon material can be
treated with hydrofluoric acid (HF) [28]. However, this procedure is not
commonly practiced due to technical and safety issues regarding work with this
acid [29]. Some authors have reported removal of growth catalyst with sodium
hydroxide (NaOH) [24; 30] or potassium hydroxide (KOH) [25] solution. In
recent years, reports of meticulous purification of the carbon supports became
less frequent, due to more availability of carbon materials with high purity. This
can be explained by developments in CVD synthesis techniques, giving a higher
yield of carbon materials for each gram of growth catalyst. In addition, many
commercial carbon material producers do their own purification before selling

their product.

Often, but not always [30; 31; 32], the carbon supports are functionalized before
deposition of catalytic metal. Functionalization is an introduction of

heteroatoms, or groups containing heteroatoms to the carbon structure. This can

7
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be done during production, such as doping of CNFs and CNTs [33; 34], or by
secondary treatments by large number of different methods. The introduced
heteroatoms can change hydrophobic, electronic or other properties, anchor
metal nano-particles or even be catalytically active by themselves [26; 35; 36].
One of the most common procedures for the carbon functionalization is the
introduction of the oxygen-containing groups by an oxidative treatment, for
example with an oxidizing acid. Such treatments can sometimes replace or
supplement the purification treatment [27]. In addition to removal of growth
catalyst, the oxidative treatments can remove amorphous carbon impurities
because of their higher susceptibility to oxidation. However, other methods to
remove amorphous carbon, such as ultrasonic treatment followed by washing
with a NaOH solution and Soxhlet extraction, can in some cases be more

effective and gentle to the carbon surface structure [37].

The oxidative treatments can damage the carbon structure, and such treatments
can be used to open CNT ends and make the hollow space and internal surface
accessible. Other functionalization methods include solvent impregnation
followed by melt-coat treatment with sulfur [38], incipient wetness impregnation
with phosphoric oxide [39], treatment with ethanolamine [34], and many more.
Besides introducing anchoring sites for catalytic particles, oxidative treatments
can also make carbon surface more hydrophilic and improve support behavior
towards wetting with aquatic solutions [40]. This is important both for the
preparation of catalysts when the metal precursor is in an aquatic solution and

for the use of the catalyst in liquid-phase reactions.

Deposition of catalytic metal on carbon supports can be done by different
methods such as incipient wetness impregnation [31; 41], metal-oxide colloid
method [32; 42], homogeneous deposition precipitation [42], electrochemical

deposition [43], and ion exchange [25]. In addition, there are a long range of
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different methods where compounds containing a precursor of catalytic metal
(e.g. H,PtCls or Na,PdCl,) are reduced by a reducing agent (paraformaldehyde,
sodium borohydride, ethylene glycol, hydrogen, formaldehyde, etc.) to produce
metal nanoparticles (colloids) in a solution [24; 44; 45; 46], that can be
deposited on the support. There are also some techniques that do not require a
liquid phase such as thermal evaporation and deposition of catalytic metal [47],
atomic layer deposition [48], and sputtering deposition [49]. It is important to
choose the right metal deposition method by considering properties of the
carbon support. The functionalization of carbon supports by introducing oxygen-
containing groups can have a negative effect on the metal dispersion if there are
unfavorable electrostatic interactions between the surface of the supports and

metal precursor during preparation of carbon-supported catalyst [46].

When the carbon-supported catalysts are prepared by the use of a platinum

precursor in a solvent, the following factors should be considered [50]:

e Polarity of the solvent
e The pH of the solution
e (Cationic or anionic charge of the metal precursor

e Surface charge of the carbon support in the solution

Those factors can be dependent on each other, for example, a change of pH can

affect the charge of both the metal precursor and the carbon support surface.

It is important to avoid the electrostatic repulsion between the catalyst support
and the metal precursor. Therefore, the cationic precursors such as Pt(NH;),*"
should be deposited on negatively charged surfaces in basic media. On the other
hand, the anionic precursors such as PtCls” should be deposited in an acidic
solution on positively charged surfaces [50]. In other words, when the anionic

precursors are used, to remove the net negative electric charge of the support
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and the resulting repulsion between the support and the negatively charged
metal precursor, the pH of the solution has to be lowered [51]. Control of the pH
is especially important if the carbon surface is functionalized with groups that
can be protonated. The oxidative treatments of carbon can lead to a formation of
acidic functional groups, and this lowers the isoelectric point (IEP) of the carbon
support, i.e. the pH value at which the support carries no net electrical charge

[24; 52].

The polarity of the solvent is important, as a good solvent-support interaction is
necessary for an effective deposition of the active metal on the support.
Therefore, hydrophilic functional groups on oxidized carbon supports are

advantageous when a polar solvent, such as water, is used [53].

However, the high dispersion of the metal catalyst on a functionalized carbon
support does not necessarily lead to high dispersion when the catalyst is applied.
Oxygen-containing functional groups can be removed by heating in an inert or
reducing atmosphere. Since most common catalyst preparation procedures
involve catalyst reduction with H, at elevated temperatures, this will reduce the
amount of surface functional groups and can lead to a completely different metal
distribution on the surface of the support [53; 54]. This can be explained by
proposing that metal-carbon interaction occurs on m-sites when other anchoring
sites are not available. Hydrogen treatment removes the most unstable oxygen
surface groups; however, the most stable surface groups will remain. Their
density or anchoring ability may not be sufficient to anchor the metal particles,
and the electron withdrawing groups will affect the electron delocalization in the
n-sites and hence weakening metal-support interaction [53; 54; 55]. This can in

turn cause sintering of the metal particles.
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1.3 Platinum as catalyst

Platinum has a remarkable resistance to corrosion, being one of the least reactive
metals. Yet its catalytic properties were known since the 19th century [56].
Today platinum is the preferred catalyst in catalytic converters in automobiles,
which is the most important marked for platinum [57]. This metal is also
commonly used as catalyst in e.g. hydrogenation, dehydrogenation,
1somerization, and oxidation reactions. Platinum is not an abundant metal, with
only about 0.005 ppm present in the earth’s crust [58]. This makes it expensive
and the research on less expensive and more abundant catalysts to replace
platinum in the most critical applications is ongoing. However, so far metal-free
alternatives to platinum are many years away from large-scale
commercialization [59]. Therefore, it is important to maximize the efficiency of
the applications of platinum to reduce the loss of this precious metal and recycle

it whenever possible.

Any heterogeneous catalytic reaction requires adsorption of the reactant on the
catalyst surface. The interaction between the reactant and the catalyst should not
be too weak or too strong. Too weak interaction will cause desorption of the
reactant before a reaction can occur, while too strong interaction will poison the
catalyst. This is known as the Sabatier principle. Many transition metals have an
ability to interact with reactants, such as hydrocarbons or hydrogen, “just right”,
catalyzing a chemical reaction. The origin of this interaction can be described by
the d-band model which has been confirmed by experiments [60]. Shortly, the s-
and d-orbitals in each metal atom overlap due to the metallic bonding and
become s- and d-bands on the metal surface. In transition metals, the d-band is
partially filled and, therefore, can accept electrons from the valence levels of
adsorbates. If the anti-bonding level is not filled while there are electrons in the

bonding level, then a chemical bond is created. The difference between metals
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or even different crystallographic surfaces of the same metal is explained not
only by the number of electrons, but also by the width of the d-band and its
center. A high d-band center will give fewer elections in the anti-bonding
orbitals and, therefore, stronger bonds. Platinum is one of those metals having
the right electronic structure to catalyze a long range of chemical reactions.
However, platinum’s electronic structure is dependent on many factors,
including the crystallographic structure of the metal surface, interaction with
other elements or interaction with the catalyst support. Therefore, platinum’s
catalytic properties can be modified to better suit the different catalytic

Processes.

1.4 Metal interaction with carbon supports

The main purpose of the catalyst support is to provide a high dispersion of metal
particles to maximize the metal surface area that can come in contact with the
reactants and hence use the active metal effectively [61]. In addition, the catalyst
support should have some metal-support interaction (MSI) when the catalyst is
applied at high temperatures to make the metal particles less mobile on the
support surface and prevent sintering [62]. For example, a study by Ratkovic et
al. [63] of Fe/Al,O; and Fe-Ni/Al,O; catalysts for CNT production has reported
that a stronger MSI in the bimetallic catalyst prevents sintering and deactivation
of the catalyst during carbon deposition. On the other hand, if the metal-support
interaction is too strong, then this can cause too weak interaction between the
catalytic metal and the reactants leading to a low catalytic activity. For
example, strong metal-support interaction (SMSI) has been described by Tauster
et al. [64] for platinum group metals (PGM) on TiO, supports. After the
reduction at 500 °C, the interaction between PGMs and TiO, has become so

strong that the metal's ability to chemisorb hydrogen or carbon monoxide was
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significantly reduced or even vanished entirely. This phenomenon is not
exclusive for TiO, and has later been observed with other supports such as

Nb,05[65] and CeO, [66].

The metal-support interaction plays an important role also when carbon is used
as a catalyst support. One of the early studies of CNFs as catalyst support by
Rodrigues et al. [67] have shown that Fe-Cu particles supported on CNFs are
more active for the catalytic hydrogenation of ethene than Fe-Cu supported on
active carbon or on y-alumina. It was proposed that strong metal-support
interaction, causing an exposure of more favorable crystallographic surface
faces of the metal or a metal-support electron transfer, changing the metals
interaction with gas. A study by Planeix et al. [68] has also attributed better
selectivity for cinnamaldehyde hydrogenation over Ru/CNT catalyst, as
compared to Ru/AL,O; to the metal-support interaction. This metal-carbon
interaction was reported to be “of a different kind” compared to metal alumina

interaction. However, no details were given.

The large variety of different carbon support materials with different properties
makes them suitable for studying the effects of the metal-support interaction.
The metal-support interaction between transition metal clusters and carbon
supports is dependent on several factors including the type of the metal, the
cluster size and orientation of the cluster, graphitization degree, the presence of

heteroatoms or other defects, and orientation of the graphite planes.

An example of the effect of metal type on the metal-support interaction was
found by a theoretical molecular dynamics (MD) simulation by Sanz-Navarro et
al. [69]. Their calculation have shown that the curvature of the fishbone carbon

nanofiber support does not influence on the d-band and, therefore, catalytic
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properties of the Pt clusters, while a significant influence on the Ni, o clusters
can be expected. This is a result of a difference in metal-metal binding energy,
nickel clusters get more deformed than platinum clusters when adsorbed on
carbon supports, due to weaker metal-metal bond and the difference in the

preferential binding sites.

Size and orientation of the metal clusters are important because small metal
clusters are not symmetrical and have different surfaces with different
crysta