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ABSTRACT: Carbon is anything but a new material, yet ubiquitously
applicable for many catalytic transformations in modern organic chemistry.
It is highly versatile, as it occurs as modifications abundantly available as 1—
3D carbonaceous materials due to technical progress. In addition, materials
such as activated charcoal, ordered mesoporous carbon (OMC), graphite
and graphene (oxide), carbon nanotubes (CNTs), nanospheres (nano-
onions, fullerenes), and many others are no “innocent” supports, as
demonstrated by many recent publications within the revitalized field of
“carbocatalysis”. By nature, carbon scaffolds offer a perfect link between
nanoscaled matter and organic molecules, which makes them an ideal
cornerstone for molecular catalysts. Apart from this inherent chemical
significance, the physical properties (e.g, different conductivity) are equally
important for the performance of heterogeneous or immobilized

homogeneous catalysts. Careful selection of the carbon scaffold enables control of reactivity by tuning the electronic
interactions of active sites with the support or among each other. Moreover, separation and recycling of “heterogenized” catalysts
can be further improved by rendering carbon “magnetic”, that is, by incorporation of magnetic particles or by coating metal
nanomagnets with graphene-like shells. Altogether, tuning the properties of carbon supports might lead to catalysts tailored not
only in matters of reactivity (electron shuttle), but also to down-to-earth problems such as purification (magnetic separation and
recycling). This critical review will highlight how far such concepts have already been implemented in the design of
“heterogenized” catalysts and is meant to widen the perspectives where certain concepts have yet to be realized.
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B INTRODUCTION AND SCOPE

The main purpose of carbon as a support material was
originally believed to be limited to enabling and maintaining a
well-dispersed form of a metal catalyst, that is, by keeping the
metal crystallites separated from each other so they would not
form agglomerates or sinter into larger clusters upon heating.
This concept of a more or less “innocent” support had to be
replaced by one that accounts for the various interactions
between metal particles and the solid matrix via surface
functionalities (e.g., acidic groups) and the electronic character
of the support itself. The evaluation of the extent of these
“metal—support interactions” and rationalizations or even
predictions regarding their influence on the activity of catalytic
species might be the most interesting challenge for the design
of novel heterogeneous catalysts.

These interactions depend strongly on the nature of the
metal, but also on the chosen carbon support, since the
chemical and physical properties of any given carbon strongly
depends on its source and preparation method.

Natural sources for carbons may be divided into two classes:
well-defined ones with uniform hybridization and long-range
order (e.g, graphite) and ill-defined ones, such as glassy or
amorphous carbons."” Synthetic carbons such as charcoal
(recovered after pyrolysis of organic compounds) and activated
carbons (chemically treated porous carbons with enhanced
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adsorptive properties)® are members of the latter division.
Examples of well-defined carbons include naturally occurring
allotropes, such as fullerenes and graphene, as well as carbon
nanotubes and spheres with a high graphitic fraction. The
layout of this review article is orientated along the carbon
modifications relevant as catalyst supports; namely, amorphous
carbon, graphite, graphene/graphene oxide, carbon nanotubes,
and Cq, (Figure 1).

With modern synthetic supports that enter the nanoregime,
it becomes more and more difficult to physically separate the
heterogeneous matrixes after use, a price one pays for the high
dispersion stability and reduced mass transfer limitations when
using nanosized materials. Therefore, an alternative separation
method will be introduced, that is, rendering carbon scaffolds
“magnetic”. Each chapter will start with a brief description of
the carbon support, with a strong focus on its physical and
chemical properties. The following subsection is dedicated to
carbocatalysis,*® the use of (presumably) metal-free, hetero-
geneous carbons as catalysts in synthetic reactions. It will
illustrate that carbon is by no means an inert support and that
careful choice of the support is vital for catalytic applications.
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Figure 1. Representation of relevant carbon allotropes in catalysis: (a) activated carbon (Norit), (b) graphite, (c) Buckminster fullerene (Cy), (d)

carbon nanotube.
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Figure 2. Outline of the supports discussed as a function of size. Catalytically active species consist of metal nanoparticles (common with all
allotropes), molecular catalysts (uncommon only with amorphous carbon), and metal—carbon complexes (common only with fullerenes).

Subsequently, the role of carbon as a support for metal (oxide)
nanoparticles and molecular catalysts (covalently and non-
covalently immobilized metal complexes and organocatalysts)
will be discussed (Figure 2).

In view of the large body of publications in this exciting field,
the examples shown are not meant to be exhaustive but merely
representatives of the subjects. Since this work may be
considered a critical review, additional emphasis will be put
on the discussion of drawbacks and future perspectives.

1. AMORPHOUS CARBON: ACTIVATED CHARCOAL

Carbon materials differ in their structure, which results in the
variation of surface free energy characteristics and ultimately in

1268

altered adsorption profiles. Distinctions can be made by inverse
gas chromatography, indicating the presence of at least three
types of adsorption sites in amorphous carbon:” they consist of
centers of weak, strong, and very strong (irreversible)
adsorption. The weak adsorption area is believed to consist
mainly of basal planes of graphene-like carbon; the strong
adsorption centers, of aggregates and graphene fragments. The
irreversible adsorption centers are located in micropores. In
contrast to amorphous carbon, most carbon allotropes have a
strong prevalence for only one or two different adsorption sites.
For example, fullerene-like carbons possess only weak
adsorption areas.

Inexpensive activated carbons (charcoal) are widely used as
solid supports for metal catalysts,®® since they are stable under
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acidic and basic conditions, have a much higher surface area
than alumina or silica (>1000 m? g_l),w and feature superior
attrition resistance. In addition, the flammability of activated
carbons may be considered an advantage, because it means easy
refining and recycling. Having these attractive features in mind,
it is hard to imagine how charcoal could not become a much
more abundant matrix for commercial catalytic applications,
mostly as a support for metallic nanoparticles.

1.1. Carbocatalysis. Most of the reactions involving
activated charcoals as carbocatalysts are oxidations using
atmospheric oxygen or hydrogen peroxide as the terminal
oxidants. In the 1930s, it was discovered that activated
charcoals are capable of catalyzing the aerobic oxidation of
ferrocyanide (Fe(CN)¢*") to ferricyanide (Fe(CN) >7).'"'? 1t
was reasoned that thermal activation of the carbon surface
generated acidic sites that facilitated the adsorption of oxygen.
A similar mechanism was made responsible for the activated
charcoal catalyzed oxidation of oxalic acid via the generation of
surface-bound geminal diols.”*~"> Akin to processes that take
place on inorganic oxides,'® Lewis acid catalysis might take
place on acidic carbon surfaces, as well. A recent exception to
the predominant oxidation reactions is the reduction of fatty
acids (e.g., palmitic acid) in the presence of activated carbon in
(near-) supercritical water (Tc = 374 °C)."” Next to
decarboxylation of the acid moiety, the internal unsaturated
moiety was reduced to afford pentadecane (33% conversion);
however, the nature of the terminal reductant remains
unclear.'®

1.2. Metal Clusters on Activated Carbon. Carbon-
supported metals are complex in nature, and their preparation,
albeit not very difficult, is crucial for the performance of the
final catalyst. Different conditions can alter the interplay of
activity, selectivity, and catalyst leaching/lifetime. Methods such
as wet or dry impregnation, deposition—precipitation, deposi-
tion—reduction, or ion-exchange protocols are routinely
applied. Most of them rely on the treatment with aqueous
solutions of suitable precursors, such as metal salts."” Transition
metal clusters (e.g, palladium) immobilized on charcoal are
quite common in modern chemistry, especially as hydro-
genation catalysts. It would be far beyond the scope of this
review to discuss their numerous synthetic applications. In
addition, the mechanistics of hydrogenation are well under-
stood and the subject of many excellent articles to which the
interested reader may be referred.”*™>°

“Pd/C” as a shortcut is somewhat misleading because it
suggests a uniformity that is foreign to the natural product
charcoal. The Pd (1—-20 wt %) and water (up to S0 wt %)
contents, as well as the level of surface oxidation, varies with the
batch quality and supplier, which makes a direct comparison
between different studies complicated. The palladium distribu-
tion pattern is another critical parameter.”*>” This is especially
true for cross-coupling reactions, another important field of
application for heterogeneous palladium catalysts. However,
considerable effort was dedicated to the quality control of Pd/C
by industry in past decades. Because of the enormous relevance
of C—C bond formations associated with names such as Heck,
Stille, Suzuki, Sonogashira, and Negishi, several reviews have
highlighted the use of Pd/C catalysts in these reactions over
past years;”* "' however, the mechanisms (heterogeneous vs
homogeneous) of Pd/C-catalyzed coupling reactions are not
yet fully understood and are the source of some controversy.

The Active Species: Heterogeneous or Homogeneous?
Some reports are quite intriguing, especially when homoge-
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neous and heterogeneous systems result in different yields or
regioselectivity. An interesting case is the Sonogashira coupling
of 2-pyrone 1, which proved quite unsuccessful under
homogeneous conditions in a variety of solvents. The best
results were obtained with a Pd/C-based catalyst (Table 1,
entry 5).

Table 1. Sonogashira Coupling of 2-Pyrone, 1, with
Trimethylsilyl (TMS) Acetylene Catalyzed by Different
Homogeneous and a Heterogeneous Palladium Source

T™MS
Br =-T™s It
"Pd-cat"
0L e S
Me”™ 0" ~O Cul (4 mol%) Me~™ O~ "0
NEty/CHsCN
1 reflux, 3 h 2
entry palladium source PPh; (mol %) conv (%)
1 Pd(PPh,),Cl, (6 mol %) - -
2 Pd(OAc), (6 mol %) 18 50
3 Pd(PPh,), (6 mol %) - 47
4 Pd,dba;-CHCl; (2.5 mol %) 15 69
S Pd/C (20 mol %) 25 82

A similar rise in the catalytic activity of some Pd/C-based
systems with electron-poor arylchlorides (e.g, in Suzuki-
coupling reactions) was rationalized with “synergistic anchi-
meric and electronic effects”.** Aryl chlorides are known to
adsorb on Pd(111) surfaces, mainly via 7-electrons, resulting in
a nearly parallel orientation of the aromatic moiety (Scheme 1).

Scheme 1. Pd/C-Catalyzed Suzuki Cross-Coupling with
Electron-Poor Aryl Chloride 4
PaIC

(5 mol%)
cl K,CO3, DMA/H,0 (20:1),

80°C, 24 h
: O~

B(OH),

activation of the C-Cl bond

CF3
? ¢ Cl—4{=r—CF; 5 >99% conv.
back _ )
donation Ti—donation
/77777777

activated carbon

This leads to an increased electron density on the Pd surface
(n-donation) and facilitates the interaction (back-donation) of
a separate but nearby Pd site with the C—Cl bond (anchimeric
effect). Moreover, the 7-donation reduces the electron density
of the aryl ring, which further weakens the C—Cl bond
(electronic effect). These cooperative anchimeric and electronic
effects are absent in single-site homogeneous catalysts, which
might account for the enhanced reactivity of Pd/C catalysts.
Indeed, the heterogeneous system performed way better in
Suzuki couplings with arylchlorides than homogeneous
counterparts, such as palladium acetate and palladium(1I)
bis(ethylthio)dichloride [PdCl,(SEt),].**

Such interactions of a substrate with clusters of Pd atoms
would be a truly heterogeneous pathway, as it is known for
hydrogenation reactions using transition metal catalsysts
(chemisorption of hydrogen on a metal surface).*>”>°
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Furthermore, the use of phosphine ligands proved to be
dispensable in some Pd/C-catalyzed C—C bond formations.*’

However, an exclusively heterogeneous mode of action is by
far not the only mechanism that accounts for immobilized
metal clusters. Indeed, many authors tend to claim that the
contribution of the heterogeneous catalyst is rather insignificant
and that it acts merely as a reservoir for dissolved metal species,
which may be considered the active catalyst form. For example,
Arai et al. clearly observed, in accordance with previous
investigations, a prevailing homogeneous course in Heck
reactions, although heterogeneous catalysts were applied.*"**
Hence, they claimed that mainly the dissolved Pd species
(Pd,,)) is active because the reaction rates increased with the
amount of leached palladium. Similar trends for charcoal-
supported Pd catalysts were reported for the Sonogashira
reaction,” carbonylation of allyl ethers,*’ or the allylation of
aniline with allylacetate.**

It is far beyond the scope of this work to discuss whether a
heterogeneous or a homogeneous pathway prevails for a
catalyst under certain conditions. Neither shall the various
influences on the leaching behavior of charcoal-supported
transition metal catalysts be discussed, which depend on
preparation methods (e.g,, impregnation, washing, drying) as
well as reaction conditions (concentration of ligands, reaction
temperature, solvent), among many others. Nevertheless, even
when thinking of a solid matrix only as a carrier and with the
catalytic cycle maintained by metal species bleeding into
solution, this does not mean that the nature of the support is
rendered insignificant. Desorption and, more interestingly,
reabsorption is highly dependent on the nature of the support.
It was found that redeposition of palladium species occurs more
rapidly on carbon than on other supports, for example,
zeolites.*! Although a maximum of 55% of the immobilized
Pd was detected in solution during the course of a Heck
reaction, it was nearly completely reabsorbed on the charcoal
support after consumption of aryliodide. Such time-dependent
profiles were occasionally reported for Pd/C catalysts,**°
which clearly shows that it is not always valid to judge the
influence of dissolved metal species by the final concentration
in the reaction media. Doing so might have led to conclusions
that should be reconsidered in the light of these results;
however, such a bleeding behavior is, of course, not typical for
every transition metal catalyst. In the case of Ni/C, the amount
of detectable Ni,, was essentially constant and extremely low at
any stage of a Kumada coupling reaction (Scheme 2).*

Scheme 2. Ni/C-Catalyzed Kumada Coupling of an
Arylchloride 6 with a Phenyl-Grignard Reagent

—_——— >
PhMgCI
Me THF, 85°C, 1 h
81% Me
6 7

Many recent publications place emphasis on the role of
leached metal species. Without going into detail, it should be
noted that acquiring such data can once again create misleading
results, for example, when a catalyst is filtered oft during an
ongoing reaction (cold or hot) and the filtrate is re-exposed to
the reaction conditions: during the filtration process, substrates
or reagents may be redeposited on the charcoal. Hence, failure
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of a filtered reaction mixture to furnish further product does
not guarantee that dissolved species are devoid of any activity.
Reactions with polymer-bound ligands (“three-phase tests”)
might give more reliable information on the origin of the active
species.** ¢

Another elegant test that gives some evidence for distinguish-
ing between homogeneous and heterogeneous catalysis is the
so-called mercury-poisoning experiment. The poisoning
through Hg(0) by amalgamating a heterogeneous metal(0)
catalyst™® or adsorbing onto its surface made it a most widely
used test.>*>® In addition, in here, the results have to be
interpreted carefully, since Hg(0) reacts with some metal
complexes. Consequently, the suppression of catalysis is not
always evidence for a heterogeneous pathway, but no poisoning
by Hg(0) marks reliably a homogeneous mode of action. Such
an experiment was conducted with Co/Rh heterobimetallic
nanoparticles immobilized on charcoal, which lost their ability
to catalyze intra- and intermolecular Pauson—Khand-type
reactions upon addition of mercury (Scheme 3).>*

Scheme 3. Example of a Co,Rh,/C-Catalyzed Intramolecular
Pauson—Khand Type Reaction

Ph
= Ph CouRh,/C
o —_— e} (e}
SN 1 atm CO
THF, 130°C,
0,
8 3h, 88% 9

The situation might be even more complicated, since the
main fraction of dissolved species is probably trapped within
the charcoal matrix, either mechanically or via a plethora of
possible interactions (e.g,, van der Waals attractions, Coulomb
interactions, ion exchange interactions with metal nuclei). This
might include the formation of 7-complexes in which graphene
acts as a ligand, especially in lamellar compounds of graphite
(LCG).>® The most interesting question in this regard might
be, How far do the dissolved species in the pores take part in
the catalytic reaction? This and many other questions have yet
to be answered. Despite these mechanistic implications and the
ongoing discussion whether the active catalyst species is
actually heterogeneous, charcoal is maybe the most prominent
example for a carbon support, simply because it is so
inexpensive.

1.3. Molecular Catalysts on Activated Carbon. Organo-
metallic complexes on activated carbons are comparatively rare.
Especially adsorption of molecular catalysts on activated
carbons is, in general, less efficient, because the oxygenated
surface hampers 7-stacking interactions between the support
and aromatic moieties in the catalyst. A recent study using
different commercial charcoals indicated a clear correlation
between increasing surface oxygen content of the supports and
decreasing adsorption of a naphtoic acid-anchored rhodium
catalyst 10 (Figure 3).> All of the carbons exhibited Brunauer—
Emmett—Teller surface areas between 960 and 1900 m* g,
indicative for a high microporous volume into which the
catalyst was nevertheless adsorbed to a significant extent (>1 wt
% Rh). Adsorption proved to be mainly irreversible in these
pores, and it was never demonstrated that this catalyst is
actually active.

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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Figure 3. A molecular rhodium catalyst immobilized on activated
charcoal via 7-stacking interactions.

2. GRAPHITE, GRAPHENE AND CHEMICALLY
MODIFIED GRAPHENES

Graphene and other two-dimensional sp*hybridized carbon
scaffolds had a tremendous impact in the area of catalysis,
mainly because of their unique electrical properties, especially
in comparison with other carbon materials.”” Although
graphene was known to exist within graphite materials, it was
assumed to be thermodynamically unstable in distinct 2D
structures at finite temperatures.58 In 2004, this hypothesis was
disproved by the experimental discovery of graphene.> Geim et
al. mechanically exfoliated single sheets from the 7z-stack layers
in graphite for the first time, which demanded not less than 5.9
kJ mol™" carbon because of cohesive van der Waals forces.”®
The unique electron transfer properties of graphene, such as a
half-integer quantum Hall effect, the massless Dirac fermion
behavior of its charge carriers, and quantum caég)acitance, have
been extensively discussed in several reviews.®' % Graphene
features both semiconducting and metallic characteristics;
hence, it can be either considered a metal with vanishin
Fermi surface or a semiconductor with a vanishing band gap.
Its electron mobility is remarkably high (>1000 cm* V™' s7")
and nearly temperature-independent between 10 and 100 K.
Although the use of graphene-based nanomaterials as catalyst
support has been hampered by the high price associated with
the laborious synthesis and processing (e.g, sublimation of
silicon from silicon carbide wafers,® chemical vapor deposi-
tion,® oxidation/reduction protocols70), significant advances
have been achieved in the recent years and may break ground
for future applications.”"”>

2.1. Carbocatalysis. Many of the early studies concerning
carbocatalysis with graphitic compounds focused on simple
redox processes, but the field has progressed to demonstrate
that carbons can facilitate more sophisticated reactions,
including complex functional group transformations and
carbon—carbon or carbon—heteroatom bond formations. For
example, graphite has been found to catalyze the cleavage of
alkyl or aromatic ethers (12) using acyl halides, such as 11, to
yield the corresponding esters (13) in good to excellent yields
(Scheme 4).”* Primary and secondary alkyl ethers did not react
under these conditions, which is indicative for a Syl type
reaction. However, the authors proposed that cationic
intermediates such as the acylium cation are stabilized due to
m-interactions akin to a Lewis acid type mechanism (Scheme
4). In general, this hypothesis is supported by a similar effect of
graphite in Friedel—Crafts type substitutions between various
benzylhalides and electron-rich aromats, which furnished
different diphenyl methanes in 38—99% yield.”* Such electronic
effects of carbon surfaces might render the catalytic activity of
immobilized metal clusters or complexes; hence, it is highly
important to validate and fully understand these interactions.
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Scheme 4. Graphite Catalyzed Cleavage of Alkyl Ether 12
with Acyl Chloride 11 To Yield Ester 13

j\ _Me
© 0
M >L
©)Lo e+ Br

12
13 14

dichloroethane
50°C, 2h, 87%

graphite

To this end, carbocatalysis is an important tool if the influence
of trace metals is excluded meticulously and the physical
contribution of the carbon surface can be studied in its purest
form.

Another physical property of graphite is its significantly high
thermal conductivity (19 W cm™ K™ at 300 K);”° thus, it has
been used as a solid state thermal conductor. After
physisorption on graphite, anthracene (15) was susceptible to
[4 + 2] cycloaddition reactions with several electron-deficient
dienophiles (e.g., dimethyl but-2-ynedioate) when the system
was exposed to microwave irradiation (Scheme 5).76’77
Conventional heating in refluxing xylene demanded consid-
erably longer reaction times (hours rather than minutes).

Although mostly activated (i.e, oxidized) carbons are
commonly used as catalysts for oxidation reactions (see section
1.1), reduced forms such as graphite account mainly for
reductions. With hydrazine hydrate as the terminal reductant,
graphite catalyzes the reduction of nitroarenes to the
corresponding anilines (up to 98% conversion).”® Substrate
adsorption, which should facilitate electron transfer from
hydrazine, was claimed as a key step; however, also aliphatic
species with a presumably weaker interaction to the surface
could be transformed at similar rates. With either graphite or
hydrazine absent, no reaction was observed.

Oxidized forms of graphitic materials, such as graphite oxide
and graphene oxide (GO), which are common precursors for
graphene-like materials, are maybe the most abundant carbon
scaffolds for oxidation reactions.””*® Graphite (and graphene)
oxide can be prepared by the Hummers reaction, which was
first reported in 1958.5! Briefly, graphite is treated with
potassium permanganate and sodium nitrate in concentrated
sulfuric acid. The reaction is subsequently quenched with
aqueous hydrogen peroxide, which delivers a product with
increased hydrophilicity. Water readily intercalates into GO,
which is responsible for the significantly altered stacking
structure, for example, interlamellar d spacings stretched from
3.5 A to a maximum of 8.0 A.**® A widely accepted structural
representation of this material contains mainly epoxides and
alcohols within the plain and predominantly carboxylic acids at
the edges and defects (Figure 4).5*75¢

Graphite oxide and GO were shown to significantly facilitate
the oxidation of a variety of alcohols to the corresponding
carbonyl compounds (Table 2). No conversion was observed
when graphite oxide was used without terminal oxidant (i.e.,
under nitrogen atmosphere) or with hydrazine-reduced GO
and natural flake graphite, respectively.’ Interestingly, the
stereochemistry of the substrates was also discriminated to

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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Scheme S. Microwave-Assisted [4 + 2] Cycloaddition Reaction between Dimethyl but-2-ynedioate and Anthracene 185,
Facilitated by Physisorption of 15 on Graphite and Its Thermal Conductivity

MeO,C

COZMe

MeOzC y

CO,Me

P

LD

16

MW irradiation
(1- 20 min)

Figure 4. Proposed structure of graphene oxide according to Lerf et
al >

some extent: cis-stilbenes underwent a Wacker-type oxidation
(Table 2, entry 4) whereas trans-stilbenes proved basically
unreactive.” Sometimes, the role exerted by graphite oxide is
not completely catalytic in nature. The hydration of alkynes 25,
27, and 29 (entries S—7), which proceeded at rather low
temperatures (<100 °C), rendered the oxygen content of
graphite oxide significantly lower. This might be due to thermal
degradation or consumption of surface-bound oxygen by the
alkynes.

Graphite oxide is acidic in aqueous media (pH 4.5 at 0.1 mg
mL™!),*” an attribute which enabled a tandem reaction, as
shown in an elegant study by Bielawski et al. They started with
the aforementioned oxidation of benzylic alcohol 31 and
phenylacetylene derivative 32 in a one-pot reaction, which gave
rise to a subsequent acid-catalyzed Claisen—Schmidt con-
densation of the carbonyl compounds (entry 8).%*

2.2. Metal Clusters on Graphitic Carbon. A major
application field for graphitic carbons is the immobilization of
metal nanoparticles, which comes naturally and with similar
issues, as discussed in a previous chapter (1.2). In lieu of many
excellent studies, the work of Muelhaupt et al. will be quoted,
demonstrating remarkable turnover frequencies (TOF > 39 000
h™') in Suzuki—Miyaura cross-coupling reactions using
palladium nanoparticles dispersed on graphite oxide.*” These
results may be closely associated with the impressive theoretical
surface values of exfoliated (oxidized) graphene sheets (2600
m? g7).%° Such values are hard to achieve with graphene itself
because of the strong van der Waals interactions among the
individual sheets, thus resulting in aggregation. However, to
harness the redox properties of this two-dimensional catalyst
support, the use of reduced graphene oxide (rGO) is much
more suggestive. In any case, it is highly important to ensure
and maintain an excellent dispersion of the catalytic metal sites
during the preparation of the supported catalyst system. In this
regard, a very successful method was reported by Gupton et al,,
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Table 2. Reactions over Graphite Oxide®

entry starting material product conv. (%)
OH 0
1 ©) ©) >98
17 18
OH o
19 20
OH o
3 © é > 98
21 22
QO o 0
24
y o
25 2
= o
27 28
o}

CeHyy—= CgH17—< .
7
29

30
o]
OH
= Z
. 70
Ph Ph Ph Ph
3 32 3

“Graphite oxide (5—200 wt %), 25—100 °C, 3—144 h, solvent-free.
“Determined by "H NMR. “Isolated yield.

610

8

who introduced a microwave-assisted chemical reduction of
well-dispersed GO and palladium salt to form Pd/rGO.”"*
This material demonstrated outstanding catalytic activity for
the Suzuki—Miyaura coupling reaction (TOF up to 108 000
h™") under ligand-free conditions using microwave irradiation,
which was attributed to the high concentration of well
dispersed Pd-NPs. An alternative approach is based on pulsed
laser (532 nm) irradiation of a GO dispersion in the presence
of a Pd(II) source. The partially reduced GO thus obtained
offers a multitude of defect sites tagged with Pd clusters.
Excellent turnover numbers (TON) of 7800 and frequencies
(230000 h™') were observed in the Suzuki—reaction under
microwave irradiation.”” The scope of this method could be

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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further extended for the synthesis of Pt, CoO, and Pd—CoO
alloy nanoparticles immobilized on partially reduced GO.”

2.2.1. Electrocatalysis. Heterogeneous electrocatalysis is
focused on reactions occurring in an electrochemical cell at
the electrode surface.”® Graphite and graphene, as well as their
derivatives, are excellent and widespread carbon mediators in
such redox systems,” although other allotropes have also been
applied (e.g., Cg,”° carbon nanotubes,”® boron-doped
diamond””). Although carbon-based scaffolds usually act as a
support for catalytic metal centers, metal-free “carbon alloys”,”®
such as boron- and nitrogen-doped carbons (N-carbon) were
reported as promising promoters for the oxygen reduction
reaction (ORR) within proton exchange membrane fuel cells.”
The activity of these systems ranges between nonmodified
carbons and their metal doped analogs.

For applications in electrocatalysis, it is advantageous to
maintain a well-ordered structure of the carbon matrix; hence,
post-treatment of carbonaceous materials (e.g,, with ammonia
at 600—900 °C) is 1preferred over in situ synthesis of N-doped
carbons. Sidik et al."® reported on such a material for the ORR,
but the nature of the active sites remains a source of some
controversies. The enhanced activity of the “carbon alloys” was
attributed to the presence of pyridinic nitrogens, the increased
number of edge plane defects caused by the propensity of
incorporated nitrogen to form pentagonal defects in the
graphene stacking (“turbostratic disorder”), or the increased
stability of the strongly Lewis basic carbons toward oxidation.”
Albeit the catalytic activity of N-doped carbons is still low in the
ORR compared to Pt-doped carbons, nitrogen is an
indispensable element in many carbon-supported metal
catalysts (e.g, Fe or Co) with potential applications in fuel
cells. However, among all metal nanoparticle-based electro-
catalysts, platinum dispersed on carbon is the most abundant in
fuel cells. For example, proton-exchange membranes were
assembled using Pt/rGO as cathode material, and Pt dispersed
on carbon black, as the anode.'®’ In comparison with a
hydrogen fuel cell featuring an unsupported Pt cathode, a
different voltage decay profile was observed. The partially
discharged Pt/rGO-based fuel cell delivered up to 161 mW
cm™?, significantly more than the unsupported analog (96 mW
cm_z).

In the field of electrocatalysis, it is especially challenging to
correlate the catalyst efficiency with the various parameters,
which may be illustrated by a recent topic. The performance of
rechargeable lithium batteries is currently limited by charge/
discharge cycling and the quantity of lithium that can be
removed from and reinserted into the positive intercalation
electrode (Li,CoO,, 0.5 < x < 1). The negative electrode
consists of graphite, which hosts lithium between its graphene
layers in the charged state. Substituting the negative
intercalation electrode with a porous electrode (Figure $),
thus allowing Li to react directly with ambient oxygen, would
increase the theoretical charge storage by 1 order of
magnitude.'” A prerequisite for such a setup is the efficient
decomposition of Li,O, (oxygen evolution reaction) to
recharge the battery, which may be accelerated by an
electrocatalyst, that is, metal (platinum and gold supported
on carbon) or metal oxide (a-MnO, nanowires in car-
bon).'?7'%* Otherwise, large overpotentials would result in
energy storage inefficiency (much more energy is needed to
charge the battery than is released during discharge).

In a recent study on the efficacy of electrocatalysts in
nonaqueous Li/O, batteries, Luntz et al. showed that the role
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Figure S. Schematic representation of a rechargeable Li/O, battery
that relies on the electrocatalytic decomposition of lithium (per)oxide.

exerted by some of the currently used metal or metal oxide
nanoparticles in the oxygen evolution is negligible.'”> Indeed,
true electrocatalysis would demand a sufficiently mobile
reactant and product in the rate-limiting step. Since neither
Li,O nor Li,O, is soluble in nonaqueous electrolytes, surface
diffusion, as expected for crystalline Li,O,, is the only way of
ensuring such mobility around the active sites. However, the
authors found that this diffusion is apparently not fast enough
for effective catalysis, since the potential at which oxygen was
initially evolved from low depth-of-discharge cells (~2.9 V) was
only slightly above the open circuit potential of a discharged
cell (~2.8 V). Earlier studies did not correlate coulometry (e.g,
constant current discharge/charge cycles) with gas consump-
tion/evolution data; hence, they observed decomposition (CO,
evolution) of the solvent, which was actually the catalyzed
reaction.

2.2.2. Photocatalysis. Incorporating two or more different
types of particles in graphene or reduced graphene oxide sheets
is a promising concept. Graphene’s ability to store and shuttle
electrons is an important parameter that might help to
circumvent surface diffusion as the rate-limiting step in certain
systems. In addition, it should be possible to carry out selective
catalytic processes at separate sites. As an example, a
preliminary study by Kamat et al. will be quoted.'®
Semiconductor (TiO,) and metal nanoparticles (Pt) were
embedded in reduced graphene oxide layers to catalyze the
water splitting reaction (Figure 6).

The semiconductor nanoparticles, eventually in combination
with dyes or CdSe, are supposed to serve as light harvesting
sites and induce the oxidation reaction. The electrons are
captured by rGO and shuttled across the two-dimensional

2H,0

0, +4H"

Figure 6. Combination of a semiconductor photocatalyst (TiO,) and
metal nanoparticles (Pt) on reduced graphene oxide for the water-
splitting reaction.

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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Scheme 6. Covalent Functionalization of sp*-Hybridized Carbons®
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scaffold to the platinum nanoparticles, which would facilitate
hydrogen reduction. It is known that different sp>-hybridized
carbons can act as photosensitizer rather than adsorbent or
dispersing agent when combined with semiconductor NPs.'"”
Such a combination of a photocatalyst (TiO,) and a
“conventional” metal catalyst shows how cooperative catalysis
could be established with distinct catalytic moieties. The
conductive nature of the support is a prerequisite in this setup
and brings new opportunities for the design of next-generation
catalysts.

2.3. Chemically Modified Graphenes. In addition to
rather straightforward chemistry founded on surface-bound
oxygen and carbonyl moieties, a plethora of reactions has been
established to create diverse functionalities that break ground
for the grafting of molecular catalysts on graphenes and related
materials. Some of the most important routes are depicted in
Scheme 6.

Most sp>-hybridized carbon scaffolds (including carbon
nanotubes, fullerenes and graphitic carbon shells) are amenable
to these reactions; hence, it is not suggestive to discriminate
between the different allotropes if it comes to covalent surface
chemistry. Several examples will be given for the different
reaction types: Diels—Alder reactions are common tools for the
derivatization of graphene-like carbons'®® and fullerenes,"*''°
although the reversibility of this reaction limits its applicability
to some extent. The rates of cycloaddition and -reversion
strongly depend on the electronic properties of the diene and
dienophile, respectively; however, most cycloadducts are quite
stable at moderate temperatures. The 1,3-dipolar cycloaddition
of azomethine ylides to alkenes is one of the most common
methods for the construction of nitrogen-containing carbon
derivatives. The decarboxylation of iminium salts, resulting

1274

from the condensation of a-amino acids with aldehydes, is the
easiest way to create such ylides. It became the method of
choice for the synthesis of substituted fulleropyrrolidines (Prato
reaction).!'!

In contrast to Diels—Alder or Bingel cycloadducts, the five-
membered ring systems are considered very stable, albeit
Retro—Prato reactions can occur under certain conditions.'">
Another reaction that was reported to yield nitrogen-containing
heterocyclic derivatives of graphenes involves the decom-
position of azide precursors (e.g,, perfluorophenyl azides'') to
form nitrene compounds and, ultimatively, aziridines. The
decomposition of diazonium salts was initially developed for
the functionalization of graphitic surfaces with aryl radi-
cals,""*""> but proved to be applicable to a broad range of
carbons. Halogenation reactions alone, such as iodination via a
modified Hunsdiecker reaction''® or fluorination,""” usually do
not provide a significant advantage for the grafting of molecular
catalysts; however, halogenated graphenes are susceptible to
alkylation reactions (e.g,, via RX in Li/ NH3(1))118 that normally
proceed only via oxidized forms of graphite and graphene.

Another interesting case is the azide modification of graphitic
surfaces with iodine azide."'”'*® This account on covalent
chemistry taking place on aromatic carbon allotropes is by no
means comprehensive, but it will highlight the versatility of the
different reactions and the potential for anchoring molecular
catalysts. Although in principle applicable to every aromatic
carbon surface, the highest degree of diversity was realized on
carbon nanotubes.

3. CARBON NANOTUBES

In 1976, Oberlin and Endo were the first to report carbon fibers
in various shapes around a hollow tube along the fiber axis (2—

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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50 nm diameter)."””" Stacks of carbon layers were oriented
parallel to the fiber axis and arranged in concentric sheets.
However, it eventually took a high-impact publication in 1991
to enable another boost for carbon nanotube (CNT)
research.'”* CNTs are almost exclusively composed of sp-
bonding carbon atoms and can be categorized in two forms:
single- and multiwalled carbon nanotubes (SWNTs and
MWNTSs). SWNTs are semiconductors that behave like
quantum wires (1D system) in which the electrons are
confined along the tube axis. Two main factors govern the
electronic properties: the tube diameter and its helicity
(armchair, zigzag, or chiral). MWNTs show graphite-like
conductivity at high temperatures and 2D-quantum features
at low temperatures.'”® In the case of MWNTS, the distances
between adjacent layers are close to the interlayer distance in
graphite. Most synthetic protocols involve the formation of
other carbon allotropes (amorphous carbon and fullerenes) and
sometimes (ie, in vapor phase synthesis), large bundles
(ropes) of several dozen CNTs are yielded rather than single
nanotubes. Removal of the metal catalyst during purification is
another severe issue. A number of intrinsic properties make
CNTs attractive for catalytic applications, for example, graphite-
like walls and sufficient surface area. Organized carbon
nanomaterials such as CNTs are more stable toward oxidation
(about 650 °C) than activated carbon but more reactive than
graphite."** A lot of properties resemble graphene, such as the
possibility of tuning the hydrophobicity via grafting of
functional groups or intercalation of metals into the
interstices.'>> In addition, the presence of a hollow channel
gives rise to new physical properties (confinement effect).

3.1. Carbocatalysis. Carbon nanotubes, especially slightly
oxygenated forms, are efficient catalysts for oxidative
dehydrogenations. In the catalytic hydrogenation of ethyl-
benzene to styrene, a process of high industrial relevance,
CNTs performed better than activated carbon and graphite as
catalysts.® It was reasoned that the aromat was first adsorbed
on the surface via 7-interactions next to basic oxygen moieties,
which facilitated dehydrogenation with concomitant formation
of surface hydroxy groups.'>” The catalytic activity of MWNTs
could be also explained with a (weak) curvature effect, since
exfoliated carbons performed less efficiently. Another example,
which will be quoted in lieu of many others, is the oxidative
dehydrogenation of n-butane to 1-butene.'*®

3.2. Metal Nanoparticles on Carbon Nanotubes.
Several methods (e.g, ion exchange, organometallic grafting,
incipient wetness impregnation, electron beam evaporation) are
commonly used to prepare metal nanoparticle/CNT compo-
sites."”® Pristine CNTs do usually not possess a high density of
functional groups on the surface; hence, surface defects are the
predominant anchoring sites for metals. Upon chemical (acids,
oxidants) or thermal treatment, the number of oxygen bearing
functional groups (as well as the surface area) and, therefore,
the loading with metal nanoparticles is increased. In addition,
the possibility of filling the nanotubes'® (Figure 7, right) or
intercalation of metals in the intertubular layers, especially in
SWNT bundles, has been reported.131 Nevertheless, the degree
of surface functionalization is the most intriguing difference
between activated carbon, graphite and CNTs when it comes to
the immobilization of metal NPs."*®

An interesting approach to controlling the dispersion of
nanoparticles on CNTs involves the covalent modification of
the surface with a monolayer of 4-aminobenzene via electro-
chemical reduction of nitrobenzene diazonium salt."** Grafting
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Figure 7. Transmission electron microscopy images of hollow (left)
and iron-filled (right) carbon nanotubes prepared by solid-state
microwave arcing13 (recorded by Dr. F. Krumeich, ETH Zurich).

of the aryl moieties and reduction of the nitro groups to the
corresponding amines is carried out in one step. Palladium salt
is then adsorbed onto the amine moieties via electrostatic
interactions, and nanoparticle decorated CNTs 35 are
produced via potentiostatic reduction (Scheme 7).

Scheme 7. CNTs Covalently Functionalized with a 4-
Aminobenzene Monolayer and Decorated with Pd
Nanoparticles

34

35

The most prominent application for metal nanoparticle
decorated CNTs is hydrogenation catalysis. Notably, the
regioselectivities observed can be quite different from those
obtained with other carbon-supported catalysts. An interesting
example is the hydrogenation of cinnamaldehyde 36 (Scheme
8). MWNTs with Pd-NPs exclusively decorated on the interior

Scheme 8. Regioselectivity in the Hydrogenation of
Cinnamaldehyde 36 with Pd/C and Pd/MWNT,

Respectively
H
. 2
©/\AO o WO ©/\/\OH
PdIC
or
36 PA/MWNT 37 38

Pd/C: 50%
Pd/MWNT: 80%

50%
20%

of the nanotubes showed a remarkable selectivity.'*> Whereas
Pd/C resulted in arbitrarily distributed reduction products (i.e.,
hydrocinnamaldehyde 37 and phenyl propanol 38), Pd/
MWNT yielded aldehyde 37 as the major (80%) product at
comparable reaction rates. Notably, the formation of cinnamyl
alcohol was never observed. The authors reasoned that the lack
of oxygenated surface groups at the inner walls of the
MWCNTSs might explain these results, but also, many other
differences (e.g., the lack of micropores) might account for the
rendered regioselectivity.

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 12671284
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Scheme 9. Coordination Modes of Different Complexes on CNTs"

PPhs
PPh3 ! \PPh;
PPh; c’ ~ci
oc— "C|

TR TR

“(a) #* coordinate of [IrCI(CO)(PPh;),] on pristine SWNTs. (b) Hydroxyl-coordinated Ir(IlI) complex on KMnO,-oxidized SWNTs. (c)
Wilkinson’s catalyst coordinated to terminal carboxy groups on HNO;-oxidized MWNTs.

In addition to supported palladium, Ru/MWNT, Pt/ MWNT
(surface area ~ 25 m” g~') and Pt/graphite (surface area = 300
m® g') were used to catalyze the self-same reaction. Ru/
MWNT achieved somewhat higher selectivity in aldehyde
hydrogenation than Pt/graphite.*® Other catalytically relevant
metal/nanotube composites consist of gold and ruthenium
alloys."*”'*® Zhang et al. found that Co/CNTs are highly active
and selective formylation catalysts for 1-octene.'*” Konya and
co-workers suggested that the activity and selectivity of
MWNTs decorated with metallic nanoparticles can depend
on their preparation. Indeed, studies concerning CO hydro-
genation over Co and Fe catalysts indicated a correlation
between activity and reducibility of the metal precursor.'*
When metal acetates were used as precursors rather than metal
oxide nanoparticles, the activity of the final MWNT supported
metal catalyst was higher and showed altered selectivity. This
was attributed to unreactive “oxide spots”, probably residues of
the metal oxide nanoparticles used. This is by far not the only
example in which the fraction of metal, metal oxide, but also the
metal carbide, is essential for the catalytic performance.

3.2.1. Confinement Effects Inside CNTs. The efficiency of
Fischer—Tropsch iron catalysts supported on CNTs is one of
the most intriguing examples for confinement effects inside
carbon nanotubes. In addition, in situ XRD investigations
proved that the multistep phase transformation of Fe,O; to
FeO and, ultimately, iron (carbide) occurs at a much lower
temperature at each reduction step when the magnetite
particles are located inside nanotubes, which may also be
tagged as the “confinement effect”. 1 Moreover, the reaction
intermediates may be trapped within the nanotubes, which
would mean prolonged contact time with the metal particles
and, therefore, increased chain growth. Indeed, the yield of Cg,
hydrocarbons was twice as high as with Fe/CNTs catalysts that
exposed their catalytic centers predominantly on the outer
surface. A study by Dalai et al. might suggest an additional
increase in the lifetime of the catalytic system because sintering
of the discrete nanoparticles is hampered by the spatial
restrictions within the nanochannels.'** Whether the activity of
the Fe-in-CNTs is increased, as well, probably because of a
more reduced iron state with a higher tendency toward iron
carbides, remains unclear at the moment.'*""'** Nevertheless,
the recurrence of iron carbide (FeC, Fe;C) species is believed
to be cruc1al for high activity in the Fischer—Tropsch
synthesis."*" The aforementioned lack of oxygenated surface
groups at the inner surface of CNTs might contribute to this
effect.

The confinement effect is more pronounced when CNTs
with smaller channel diameters are applied.'* Naturally, the
mean size of the metal clusters is affected by the nanotube
diameter and the potentially higher activity of smaller
nanoparticles might contribute to all previously mentioned
phenomena. The effects of confinement inside CNTSs are not
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restricted to iron catalysts for Fischer—Tropsch synthesis, of
course. The altered performance of metal nanoparticles and
molecular catalysts on the interior and exterior of carbon
nanotubes is an inspiring approach and has already been the
subject of excellent reviews.'**

3.2.2. Macronization of CNTs. In addition to the scale-up of
carbon nanotube synthesis, several strategies for their “macro-
nization”'** have been developed. This strategy should enable
efficient catalyst/product separation from liquid-phase reactions
(which can be challenging for nanoscopic matter; see section S)
while maintaining a high surface area. For instance, the vertical
growth of aligned SWNTs on a macroscopic surface was
established by the direct decomposition of gaseous hydro-
carbons over a Co/Mo catalyst.'**'*® Nevertheless, aligned
CNTs have been employed mainly in the field of electronics or
filtration technologies, whereas examples for catalytic applica-
tions remain scarce. Janowska et al. reported on a dense and
homogeneous layer of aligned Pd-doped MWNTs, which were
attached on the inner wall of a silica reactor. The MWNT/SiO,
tube was directly used as mechanical stirrer for the hydro-
genation of cinnamaldehyde 36 to hydrocinnamaldehyde 37
(90% selectivity, 80% yield).'"*> Aligned MWNTSs were also
grown directly inside the Si channels of a microreactor by
thermal chemical vapor deposition (CVD) of ferrocene in
xylene.'*” A 20 nm-thick aluminum layer was required to
ensure irreversible attachment of the nanotubes prior to
impregnation of the carbon nanotubes with a Pt salt solution.
The hydrosilylation of l-octene (1.1S M in toluene) with
dimethylphenylsilane (0.96 M) was chosen as a model reaction
(flow rate: 1 uL min~", 50 °C) and demonstrated the increased
lifetime of the catalyst system due to decreased metal leaching.
A three-dimensional array of vertically aligned carbon nano-
filaments was synthesized by CVD on TiO, substrates and
applied in the oxygen reduction reaction (ORR see section
2.2.1) after Pt deposition."*® “Bucky paper” (BP) is an
especially interesting representative of a macroscopic material
consisting of vertically aligned CNTs, since it combines high
mechanical strength and flexibility. Fe,O;-NPs supported on
BP was employed as a catalyst for the desulfurization of H,S in
a classical fixed-bed configuration."®" Despite the comparatively
low abundance of catalytic applications for “macronized”
nanomatter, this concept could boost the feasibility of
nanoscopic catalysts in industry.

3.3. Molecular Catalysts on Carbon Nanotubes. Just as
the case in the immobilization of metal nanoparticles on CNTs,
the degree of surface oxidation is of utmost importance for the
grafting of molecular catalysts. Pristine nanotubes form only
(weak)'>® n* coordinates with metal complexes such as
[IrCI(CO)(PPh,),], which are of limited catalytic value.
Pretreated (i.e., KMnO,-oxidized) SWNTs formed a hexacoor-
dinated Ir(IlI) complex after oxidative addition to surface-

bound hydroxyl moieties (Scheme 9).'**

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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Figure 8. MWNT-immobilized Ru(bpa)(pic),-based catalyst 39 for the water-splitting reaction (left); electrochemical cell for water-splitting (right).

As previously mentioned (section 2.1), the oxidation of sp*
hybridized carbons creates mainly alcohols within the plain and
predominantly carboxylic acids at the edges and defects. Hence,
a different coordination mode was proposed for the
impregnation of nitric acid-treated MWNTs with [HRh(CO)-
(PPh,),]."** The surface-bound carboxyl groups can be
subjected to very simple manipulations to alleviate the
formation of organometallic compounds on the nanotubes.
Giordano et al. treated them with sodium carbonate to facilitate
the coordination of [RhCI(CO),],,'>° whereas Koningsberger
and co-workers treated carboxylated nanofibers with thionyl-
chloride and reacted them with anthranilic acid as a ligand for
rhodium."*® Although the oxidation route is undoubtedly the
most common and straightforward method to anchor molecular
catalysts on nanotubes and carbon fibers, it is basically a
degradation process that increases the number of defect sites or
even creates detached amorphous fragments after severe
treatments. It is surprising that the rich chemistry for covalent
functionalization of CN'Ts'>” had comparatively little impact on
the development of catalytic systems, although rather mild
conditions can be found among them (see section 2.3).

Another very elegant approach for aqueous catalytic systems
involves the noncovalent immobilization of complexes via 7-
stacking interactions. The benefits are obvious: Pristine
nanotubes can be used without any pretreatment or
functionalization, and the grafting succeeds simply by mixing
catalyst and support in water. The predetermination to water as
the solvent is the most incisive limitation, albeit polar organic
solvents might be applicable in some cases.">® This restriction is
sometimes negligible; for example, when the catalyst will be
applied in the water splitting reaction (Figure 8).">” A pyrene-
tagged Ru(bpa)(pic), (2,2-bipyridine-6,6-dicarboxylic acid,
H,bpa; 4-picoline, pic) was anchored on MWNTSs, and the
nanotube/molecular catalyst assembly 39, electrophoretically
deposited on an indium tin oxide glass electrode. Immobilized
39 is currently the most efficient molecular catalyst for the
electrocatalytic oxidation of water.

4. FULLERENES

In 1985, the Buckminster ﬁﬂlerenes,160 molecular allotropes of
carbon, were discovered in the gas phase,'® and their large-
scale accessibility by arc vaporization of graphite was disclosed
shortly thereafter in 1990."®> The presence of a closed shell
distinguishes fullerenes, which may be considered individual
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polyhedral molecules, from all other carbon modifications. Its
prominent I, symmetric Cg, structure contains two distinct C—
C bond types: shorter bonds, which define the sides of
hexagons, and longer bonds, which are formed between
hexagons and pentagons. Because of its nonplanar surface, all
conjugated double bonds are strained. Solid Cyy has a rather
low specific surface area (10—20 m” g™') and sublimates at 707
K.'®* The most reactive bonds in Cg, and Co, are part of two
six-membered rings, which participate, for example, in the
formation of transition metal complexes in an 7> fashion.

4.1. Carbocatalysis. The most abundant material in
heterogeneous catalysis with Cq, is fullerene black (FB), a
finely dispersed carbon material extracted from fullerene-
containing soot. This label is quite misleading, since FB
consists mainly of amorphous carbon and graphitic structures.
Further extraction cycles yield different fractions of fullerenes:
namely, toluene-soluble (low molecular weight) and quinoline-
soluble (higher) fullerenes. However, in contrast to activated
charcoal, glassy carbon and graphite, fullerene black is an
efficient catalyst for dehydroégenation, cracking, methylation,
and demethylation reactions.'®* Photoinduced electron transfer
(PET) plays an important role in reduction and oxidation of
fullerenes. Cq, and C,, were found to be suitable catalysts for
the reduction of nitrobenzene, using hydrogen gas under UV
light (Scheme 10).'6

Scheme 10. C¢, or C,, and Light-Catalyzed Reduction of
Nitrobenzene to Aniline Using H, gas (1 atm) As the
Terminal Reductant

N02 NHZ
@ Ceo 0r Cro @
light, 1 atm Ho,
RT, 40 - 100%
40 41

The same reaction afforded higher gas pressure (4—S MPa)
and temperatures up to 150 °C when carried out in the dark.
Improved yields were observed when neutral C4, was combined
with anionic fullerene (Cg'~), which was attributed to
cooperative electronic effects, albeit it is more likely an effect
of residual nickel, as suggested by van Bokhoven et al.'% Cy'm

dx.doi.org/10.1021/cs300014k | ACS Catal. 2012, 2, 1267—1284
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Figure 9. Organometallic and purely organic fullerene derivatives: (a) CgRu3(CO), complex 42. (b) Tris adduct of C4, with optically pure
methylenebis(oxazoline)s derived from (R)-phenylalanine (43). (c) W(=CPh)(NCMe)(#>-Cq,)(1>-CsPhs) complex 44.

contained nickel up to 400 ug g~ carbon due to the
preparation method. Notably, the same compound did not
show any catalytic activity when produced via a Ni-free route. It
is not self-evident that carbocatalysis is always metal-free, but
rather, promoted by transition metal contaminants present at
trace levels (down to parts-per-billion or less). Recent
publications indicate that this might be a quite abundant
problem.'®”'® Because carbon is a natural product, there is
potential for contamination by ambient metal sources, or, as
described above, by metal-containing reagents during prepara-
tion. More important than the origin of a contaminant is, of
course, the verification of its absence with the appropriate
analytical tools (e.g, atomic absorption spectroscopy, in-
ductively coupled plasma mass spectrometry). This appears
vital for any kind of catalytic reaction.

4.2. Fullerenes As Ligands for Homogeneous Cata-
lysts. The synthesis of C4 in gram quantities has also raised
the interest in the organometallic chemistry of Cg; as a ligand.
Despite initial reports that claimed Cg, to be a highly aromatic
molecule, it proved rather unwilling to form stable hexahapto
(7°-C¢o)M compounds. This has been attributed to its
curvature, pointing the exohedral 7—n orbital away from the
perpendicular to the face of the six-membered rings. It was
reasoned that Cy, is an even weaker ligand toward a single
metal than benzene;'® however, metal triangles provide an
effective overlap with the 7—x orbitals. For examﬁple, hexahapto
Cgo complexes were created with triruthenium,'® and osmium
clusters,'” respectively. C4Ru;(CO), complexes (42, Figure
9a) can be reduced under mild conditions to form a material
that resembles an “organometallic polymer”,'””" a fullerene
network linked by low-dimensional Ru clusters, which catalyzed
the hydrogenation of cyclohexen-2-one to cyclohexanone.'”*
Similar polymeric compounds, so-called metal fullerides
(CeoM,) consisting of either palladium or platinum, are
effective hydro%enation catalysts, e.g,, for alkynes, olefins and
nitrobenzenes.'”* ™7

It is quite interesting that the most active palladium
fullerides, C4,Pd,, are those with n > 3, whereas for the most
active platinum fullerides, a ratio of n < 3 is characteristic. This
different behavior might be associated with the localization of
the metals in the fullerene frameworks. Pd atoms interacting
with more than one Cg, seem to be devoid of catalytic activity
in hydrogenation reactions. Hence, some Pd acts as only as
“glue” in the network, whereas other Pd atoms form the
catalytic centers. No such divisions seem to be formed in the
case of platinum. Nevertheless, the performance of CgPd, is
higher than that of a Pd/C benchmark catalyst.176
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Under harsh conditions, metal fullerides undergo structural
changes, such as fullerene reduction and metal clustering, that
result in partial catalyst inactivation (e.g, at temperatures >250
°C for CgPt). The reactivity of fullerenes often resembles
moderately electronegative alkenes, as demonstrated by the
synthesis of metal-containing'”” and purely organic derivatives
(Figure 8). They readily form adducts with radicals, several
nucleophiles, and carbenes and participate as a dienophile in a
variety of thermal and photochemical cycloaddition reactions.
Excellent reviews focus on the vast covalent chemistry of Cg,
which is depicted in Scheme 6 to some extent.”®'”’ An
interesting example of such a covalently functionalized fullerene
scaffold is compound 43, a tris adduct of Cg, with optically pure
methylenebis(oxazoline) (Figure 9b)."®" The oxazoline moi-
eties are formed between malonate-terminated Bingel fullerenes
and (R)-phenylalanine to result in Cg, derivative 43, carrying
three chiral bis(oxazoline) ligands. Many single metal
coordinates of fullerenes have been recently reported in the
literature (e.g, W(=CPh)(NCMe)(1*-Cg,)(1>-CsPhs) 44).'%"
In general, investigating the reactivity of fullerene-bound
organometallics has become an attractive research topic,"*>'**
but applications within catalysis remain scarce.

(7*-Cgo)RhH(CO)(PPh;), was used as a catalyst for olefin
hydroformylation. It proved to be less efficient than RhH-
(CO)(PPh,), but increased the thermal stability of the
complex.'®* A similar palladium-based phosphine complex,
(7*-Cgo)Pd(PPh;),, was used for the hydrogenation of the
triple bond in 3,7-dimethyl-octa-6-ene-1-in-3-ol (45), an
important stage in the industrial production of fragrances and
vitamins A and E (Scheme 11). Synthesis of compound 46
proceeded straightforward by stirring Pd(PPhs), at ambient
temperature in the presence of Buckminster fullerenes. Its
activity in hydrogenation reactions was 1 order of magnitude

Scheme 11. (#7?-C4,)Pd(PPh,),-Catalyzed Hydrogenation of
3,7-Dimethyl-octa-6-ene-1-in-3-ol (45)

HO™

47
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Figure 10. Different “magnetic carbons”: (a) magnetite NP-decorated CNT, (b) Co/C-NP decorated OMC, and (c) Co/C-NP.

Scheme 12. Immobilization of a Chiral Azabis(oxazoline)—Copper Complex (50) on Co/C-NPs via a Diazonium Chemistry/
“Click” Approach and Its Application in the Kinetic Resolution of Racemic Diol 52 via Asymmetric Monobenzoylation
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higher compared with a conventional system (Pd/y-ALO;), and
remarkable selectivity (99.5%) was achieved."®
Fullerene-containing Pt complexes are effective promoters in
the hydrosilylation of alkenes by triethoxysilane as well.'"®® As a
consequence of their cage-like structure, Cq and higher
fullerenes can also incarcerate metal atoms. Smalley et al.
were the first who prepared a stable endohedral fullerene (La@
Cg,)."®” Theoretical and experimental studies on such
compounds related to their electrochemical properties,
preparation, and separation can be found in specialized
reviews.'® Briefly, they are both stronger electron donors
and acceptors than their fullerene parents. From a practical
point of view, endohedral metallofullerenes alone seem less
attractive for catalytic applications because of their limited
stability under ambient conditions and separation issues.
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5. SOLVING SEPARATION ISSUES: “MAGNETIC”
CARBON

On one hand, the nanoscopic dimensions of novel carbon
supports significantly increase the reactant’s accessibility due to
the high surface area, whereas the high diffusion rate of the
products reduces many side reactions. On the other hand, the
small dimensions render quantitative recovery almost impos-
sible by conventional means, which can lead to the blocking of
filters and valves. This calls for improved separation modes or
even new approaches for the efficient recycling of the
heterogeneous catalysts. Albeit certain materials such as carbon
nanotubes are amenable to “macronization” (section 3.2.2), this
cannot be considered a general method for all carbonaceous
materials. One alternative to filtration can be magnetic
separation.
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In general, there are two methods to render carbon
“magnetic” with different ferromagnetic and superparamagnetic
metal (oxide) nanoparticles, respectively. The first way
demands decoration of the carbon scaffold’s surface with
nanoparticles, which results in materials morphologically similar
to the heterogeneous catalysts discussed in the previous
sections (Figure 10). Thermal treatment (600 °C) of an
activated carbon impregnated with a nickel salt, which results in
magnetic Ni-NPs within a carbon matrix, can be considered an
example for this approach.'® Reduced graphene oxide'*® and
CNTs'”' were modified with magnetite NPs using well-
established methods (Figure 10a). Because of the limited
stability of surface exposed nanoparticles, these composites are
inherently less stable than the second group of “magnetic”
carbons consisting of nanomagnets enclosed in carbon cages.

An elegant study by Schueth et al. might mark the turning
point (i.e, progress from metal-decorated carbons toward
carbon coated metals), since it combines features of both
routes: mesostructured silica was used as a template to
synthesize a carbon/silica composite on which cobalt nano-
particles were deposited on the exterior. The Co-NPs were
subsequently protected with a nanometer-thick carbon layer
before the silica scaffold was removed by aqueous hydrofluoric
acid. The pores of the resulting ordered mesoporous carbon
(OMC), decorated with Co/C-NPs (Figure 10b), could be
impregnated with catalytically active noble metals.'”> Several
other groups have reported on iron-filled MWNTS, which were
usually prepared by electric arc discharge'™ or chemical vapor
deposition,* but applications in catalysis remained scarce.
Whether CNTs decorated exclusively on the interior with
magnetic nanoparticles'” should be classified as members of
the first or second group will be left to the reader. Discrete
carbon-coated metal nanoparticles were accessible, as well, for
example, via the Huffman—Kraetschmer carbon arc process,
CVD, or pyrolysis of metal complexes;'**™'*® however, their
production has been limited to small-scale operations. Grass et
al."”* 7! reported on carbon-coated metal nanoparticles that
were produced through reducing flame-spray pyrolysis.”** This
procedure gave rise to substantial amounts of metal nano-
particles (>30 g/h) which is a prerequisite for applications as a
catalyst support. Moreover, the thermal and chemical stability
of this material, even under harsh acidic conditions, was
remarkable.””>~*% Furthermore, the graphene-like layers could
be covalently functionalized via diazonium chemistry.'$>2°52%7

Stark and Reiser anchored the stable nitroxyl radical 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), an organocatalyst for
the chemoselective oxidation of primary and secondary
alcohols, on carbon-coated cobalt nanoparticles via a “click”
protocol.”®® A chiral azabis(oxazoline)—copper complex (50)
for the kinetic resolution of racemic 1,2-diol 52 via asymmetric
monobenzoylation was immobilized in a similar fashion
(Scheme 12).2%

In addition, palladium—PPh; complexes for Suzuki—Miyaura
cross-coupling reactions were grafted onto carbon-coated
cobalt nanoparticles.”'®*'" A Pd-NHC (N-heterocyclic car-
bene) complex (55) was tagged with pyrene moieties and
contacted with Co/C-NPs in water, thus forming a non-
covalently attached catalyst for the aqueous hydroxycarbony-
lation of arylhalides (Scheme 13). The attraction to the
graphitic surface via z-stacking interactions is sufficiently strong
to prevent unintended dissociation of the immobilized
compound at ambient temperature, thus offering a very concise
route for the grafting of catalysts. Desorption of the aromatic
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Scheme 13. A Palladium(NHC) Complex (55)
Noncovalently Attached to Co/C-NPs via Pyrene Anchors
for a Thermally Triggered Catch—Release System
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anchors can be thermally triggered to allow the catalyst to
become homogeneous during the course of the reaction at 100
°C. Once the reaction is finished and the solution is cooled to
ambient temperature, the pyrene moieties bind to the carbon
surface, and the absorbed complex 54 is amenable to magnetic
decantation. Recycling was demonstrated 16 times, and catalyst
leaching into the product phase proved to be negligible.

6. CONCLUSIONS

Carbon is maybe the most versatile matrix for catalytic
reactions. Some allotropes can be used for applications that
call only for a “dirt-cheap” carrier for nanocrystals or a
microporous reservoir for metal species (e.g., activated
carbons). Already in such “simple” systems, which merely
demand a dispersing agent for the catalytic sites, the unique
metal—support interactions (adsorption, desorption, read-
sorption) of different carbonaceous materials have a huge
impact on the performance of the immobilized species.

The influence of carbon supports on the immobilized
catalysts cannot be seen as a consequence of a single physical
or chemical property. Whereas high surface areas in excess of
1000 m* g~ might suggest the use of microporous carbons,
such as carbon molecular sieves, in some catalytic applications,
other systems require completely different properties. For
example, electrode materials for electrocatalysts demand high
attrition resistance (boron-doped diamond) and electron
conductivity (graphite, graphene). The latter might be the
most intriguing discrimination criteria between different carbon
allotropes (amorphous carbon vs graphite). Parameters such as
the degree of surface functionalization render the conductivity
(graphene vs graphene oxide) and influence the loading and
dispersion of catalytic sites, respectively. In fact, surface
functionalization (e.g, via oxidation) is one of the most
important factors to tune the adsorption behavior of carbona-
ceous surfaces. Naturally, not all adsorption sites are equally
amenable to oxygenation. Especially micropores or confined
areas (hollow spheres and nanotubes) are less affected, which
has interesting implications on the activity or regioselectivity of
catalysts located in these sites.

In some cases, a high degree of surface-bound oxygenated
moieties is a prerequisite for high activity for various reasons
(e.g., increased hydrophilicity or redox activity, Lewis acid type
interactions with substrates or catalysts). A rather simple
explanation is, of course, that they enable an anchoring point
for metal(oxide) NPs or molecular catalysts, but that is not true
in every case. In fact, polar surface moieties can also hamper the
grafting of catalysts, e.g,, molecular catalysts that rely on 7-
interactions with an aromatic surface. Other catalytic
mechanisms involve such interactions between aromatic areas
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in the support and substrates, which are inhibited when the
surface is functionalized.

Finally, #” metal complexes can be formed rather than
analogs that result from oxidative addition if surface-bound
hydroxyl moieties are present. In addition to oxidations, many
reactions are known to increase molecular diversity on sp*-
hybridized carbons, but relatively few have been already
implemented in the immobilization of catalysts. It is surprising
that the rather harsh and unselective oxidation of carbon
surfaces is still the method of choice when it comes to the
grafting of transition metal complexes, especially because the
presence of oxygenated moieties affects the catalytic perform-
ance of the material.

In this field, degradation-free processing of carbonaceous
materials might not yet have experienced the attention it
certainly deserves. In this regard, perspectives might arise from
changing the electronic structure of the support itself: for
example in graphene-like scaffolds, via covalent grafting of
compounds that feature electron-donating or withdrawing
groups. The most elaborate protocols focus on diazonium
grafting; nevertheless, applications in catalysis are not yet
disclosed.”'* A concept that has been realized to some extent is
based on magnetic force to facilitate the often tedious
separation (e.g, via centrifugation) of nanoscaled carbon
allotropes, either by decoration with or incorporation of
magnetic nanoparticles in carbon scaffolds. Such measures that
improve the handling of carbons might also strengthen the
acceptance of more “complex” chemistry on novel carbon
nanomaterials.
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