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This perspective paper summarizes the use of three nanostructured carbon allotropes as metal-free catalysts (“carbocatalysts”) or as
supports of metal nanoparticles. After an introductory section commenting the interest of developingmetal-free catalysts andmain
features of carbon nanoforms, the main body of this paper is focused on exemplifying the opportunities that carbon nanotubes,
graphene, and diamond nanoparticles offer to develop advanced catalysts having active sites based on carbon in the absence of
transition metals or as large area supports with special morphology and unique properties. The final section provides my personal
view on future developments in this field.

1. Introduction: From Active Carbons to
Carbon Allotropes

In classical heterogeneous catalysis, active carbons (ACs)
have been widely used as supports for noble metal and metal
oxides [1–3]. ACs are high surface area materials having
carbon as predominant element in their composition that
are obtained by pyrolysis of available biomass wastes, upon
addition of inorganic reagents to promote the carbonisation
process. For instance, one popular active carbon comes from
coconut shells adequately powdered, pyrolyzed at 600∘C
under N

2
, mixed with phosphoric acid for activation, and

then baked at temperatures below 300∘C [4, 5]. In other
recipes, olive seeds or almond shells are used as AC pre-
cursors and other mineral acids or oxidizing chemicals are
employed as additives [6–8].

The structure of ACs is poorly defined with domains of
amorphous carbon and the presence of condensed polycyclic
aromatic compounds forming platelets of nanometric dimen-
sions that are interconnected by bridges that can be CH

2
and

heteroatoms such as O, NH, and S. In certain regions, ACs
have graphitic domains when the platelets are large enough
and stacking of the imperfect graphene (G) sheets can take

place. Besides oxygen and other elements such as nitrogen or
sulphur, metal traces such as iron, zinc, and copper, are very
frequently present in the final composition of the material
because these transition metals have been introduced as
additives in the pyrolysis process and they remain in residual,
sometimes not negligible, percentages.

Understanding themechanism in heterogeneous catalysis
largely depends on the exhaustive characterization of the
solid catalyst and on the knowledge on the architecture of
the active sites [9]. In this sense, while ACs are available and
affordable materials exhibiting high adsorption capacity, this
property being suitable for their use as support, they are too
complex and ill-defined to allow structural characterization
and, moreover, they make impossible the preparation of
single-site catalysts.

One of the main problems in heterogeneous catalysis
derives from the fact that solids contain a wide distribution
of centers in which the architecture of the sites and the
surroundings change from one specific site to another and,
as result, the activity and selectivity may change from one
site to the neighbor. Optimal solid catalysts would require
a material in which all the sites are identical (“single site”),
all of them exhibiting the same selectivity and, desirably, the
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maximal activity. Design and synthesis of single-site catalysts
has been a continued task in heterogeneous catalysis with the
long-term aim of the development of solid catalysts with the
highest activity and selectivity [10–12].

In the last decades carbon allotropes with nanometric
particle dimension have been characterized and have become
commercially available. Since their structure is much better
defined than ACs, there has been a continued growing
interest in the application of these carbon nanoforms in
catalysis as a logical evolution of the use of ACs [13–15].
The interest of allotropic carbon nanoforms in catalysis is,
therefore, a logical evolution of the continued use of ACs
for the preparation of heterogeneous catalysts but goes much
beyond ACs, since the point is now to incorporate the active
sites on the carbon structure.

As in the case of ACs, the simplest possibility has been
the use of these carbon allotropes as large area supports of
active sites [16–18], but the most recent research front is to
implement the catalytic sites on the carbon allotrope itself
in the absence of metals (“carbocatalysis”). Starting from an
ideal structure of the carbon allotrope, it should be possible
to introduce sites by creating carbon vacancies, carbon with
dangling bonds, structural defects due to carbon vacancies,
and oxygenated functional groups or by replacing carbon
atoms by other elements (“doping”).

The term “carbocatalysts” refers to the development of
catalysts based exclusively or predominantly on the use of
carbon materials, avoiding or minimizing the dependency of
catalysis on the use of metals [19–25]. While the use of metals
is considered not “sustainable” due to the limited available
resources, carbonaceous catalysts, particularly those derived
from biomass, are renewable and affordable and considered
as “sustainable” materials.

Among the different carbon allotropes that have been
applied in heterogeneous catalysis, the initial studies were
based on carbon nanotubes (CNTs) because these materials
become commercially available earlier than other carbon
materials [26, 27]. Preparation of CNTs requires catalysts
and special equipment. CNTs typically are obtained in small
batch quantities and impurified with the catalyst used in
their synthesis, typically iron or iron-cobalt alloys dispersed
in a matrix to maintain the particle size small. This makes
necessary in commercial CNTs several steps of purification,
oxidation, and other modification processes before they
can be used as catalysts. After CNTs, the use of diamond
nanoparticles (DNPs) has also become possible. DNPs can be
obtained by milling of diamond powders or by explosive det-
onation [28]. In the last case,Dnanocrystals are embedded on
a soot matrix of amorphous carbon that has to be removed
before the use of the DNPs as supports [29]. More recently,
a new line of research has appeared trying to exploit the
opportunities of G-basedmaterials in catalysis [20, 21, 30, 31].

Allotropic carbon nanoforms can be dispersed in sus-
pension in a liquid phase as inks that allow the recovery
of the carbonaceous materials by filtration or centrifugation
after their use. The term “pseudohomogeneous catalysis” has
been used to denote the fact that during the reaction there
is no apparent phase differentiation between substrates and
catalysts, but after the reaction the carbonaceous material
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Scheme 1: Structure of the three carbon allotropes whose use as
carbocatalysts or as supports of metal nanoparticles will be the topic
of the present perspective paper.

can be easily separated and recovered as is characteristic in
heterogeneous catalysis [32].

In the present spotlight paper, I will comment on some
of the possibilities that nanometric carbon allotropes offer as
catalysts or as supports, showing the logic of the evolution
from ACs or from other supports to these carbonaceous
nanomaterials as catalysts. Scheme 1 contains the type and
structure of the carbon nanoforms whose catalytic activity
will be commented on in this perspective paper. When
possible, comparison between the performance of different
carbon allotropes will be made, but I will try to highlight the
features of each type of carbon nanoform thatmake thembest
suited for certain catalytic applications. I will start with the
possibilities and limitations of CNTs, followed by the use of
G-basedmaterials in catalysis and finishing with applications
of DNPs as supports. In this paper, I will cover a broad range
of articles in this area, with emphasis on the use of these
materials as carbocatalysts in the absence of metals with the
aim of illustrating the broad potential that carbon nanoforms
offer in catalysis. In the last section, I will summarize the
major points and will provide my view on possible future
developments and targets in this area.

2. Catalysts Based on CNTs as Supports

CNTs are characterized by their long aspect ratio in which
one or several concentric hexagonal arrangements of sp2
carbons (“graphene sheets”) form a cylinder with nanometric
diameter, but lengths that can reach tens of micrometers.The
long aspect ratio and the curvature of the graphene walls are
the main characteristics of CNTs.

The synthesis of CNTs, either single wall (SWCNTs) or
multiple wall (MWCNTs), is difficult to control and relies
on the use of a metal catalyst, typically Fe and Co alloys in
the form of small metal NPs, to decompose in the pyrolytic
process at temperatures about 500∘C or above the organic
precursor in the absence of oxygen and effect the nucleation
and growth of CNTs from elemental carbon atoms generated
under these reductive conditions (Scheme 2) [34].

Due to the use of a catalyst in the preparation of CNTs,
the amount of CNTs that is available in each batch is limited
compared to other carbon nanoforms [36]. MWCNTs can
be prepared in larger quantities than SWCNTs because the
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Scheme 2: Pictorial illustration of the synthesis of CNT by dehydro-
genative carbonisation of methane on hot metal nanoparticles. On
the surface of themetal carbon atoms are continuously being formed
at high temperatures due to the dehydrogenative decomposition of
the precursors (methane in this case) and these atoms condense in
an hexagonal arrangement leading to the graphene wall with diam-
eter commensurate with the dimensions of the metal nanoparticle
catalyst and growing outside these nanoparticles.

control on the particle size of the metal alloy is not so strict.
In general terms, the advantages of using single wall with
respect to multiwall have not been clearly demonstrated in
catalysis and, therefore, the use of more stable and affordable
MWCNTs can be advantageous with respect to SWCNTs.
However, from the point of view of achieving the highest
catalytic activity and having well-defined structure, SWCNTs
can be preferable since all the carbons are exposed at the
surface and their morphology and structure is well defined
and can be determined by electron microscopy. Also, from
the catalytic point of view, there are no examples showing
differences between the properties of conductive or semicon-
ductive SWCNTs as catalysts [37, 38]. Electrical conductivity
in CNTs depends on the way in which the hexagons of the
graphene wall are aligned along the long axis, either spiral
(semiconductive) or perpendicular (conductive).

During the purification of CNTs to remove the metal
catalyst employed in the synthesis of CNTs, strong inorganic
acids are generally needed. HNO

3
is one of the preferred

reagents for CNT purification and, then, at the same time
that the acid dissolves inorganic impurities, mild oxidation
of the graphene wall forming oxygenated functionalities and
particularly carboxylic acid groups can also be produced. By
performing treatment with HNO

3
under harsh conditions

of concentration, temperature, and time, purification of the
organic residues can be accompanied by cutting of the CNTs
from micrometers to hundreds of nanometers [39, 40], the
cut taking place preferentially by oxidation of the graphene
wall at defects. One consequence of the shorter length and
formation of oxygenated functional groups is an increase
on the dispersability of CNTs in liquid media and water in
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Scheme 3: Possible sites present in CNTs that can exhibit catalytic
activity.

particular [41, 42]. Preparation of permanent suspensions
of short CNTs is very adequate for the development of
pseudohomogeneous catalysis.

CNTs can contain active sites due to the presence of
carboxylic acid groups at the rims and wall defects that
can be functionalized. Also CNTs can be doped with some
heteroatoms, the most common one being N atoms. Other
possible defects include carbon vacancies and doping with
some heteroatoms replacing carbon atoms in the wall. CNTs
can also be the support of metal NPs that can be the active
sites in the reaction. Scheme 3 summarizes some of the
possibilities that CNTs offer to incorporate active centers.

However, as commented earlier, the cumbersome prepa-
ration and purification of CNTs explain why these carbon
nanoforms have not become as widely available and afford-
able for the catalytic community as desirable. Since it is
expected that the activity of these modified CNTs as acid
carbocatalysts would be similar to that of more easily avail-
able Gmaterials or that of polymeric resins having carboxylic
acids, there is no special reasons beyond morphology and
the possibility to encapsulate metal NPs inside the tubes to
prefer CNTs in catalysis with respect to G. Thus, although
it would be desirable much more information about the
catalytic activity of CNTs, it is unlikely that this research front
will develop strongly in the near future and, perhaps, the
major point of interest will be to compare the catalytic activity
of CNTs having curved graphene walls with that of other G-
based catalysts.

CNTs in the absence of any metal have been found to
be suitable catalysts for the oxidative dehydrogenation of
hydrocarbons (Scheme 4) [43–45]. This process has consid-
erable interest in petrochemical industry for the transfor-
mation of propane into propene and butanes into butenes
and butadiene. CNTs have defects that typically correspond
to oxygenated functional groups, namely, carboxylic acids,
quinone-like carbonyl groups, and hydroxyl groups. As I



4 Advances in Chemistry

H
H O2

CNTs
+ H2O

Scheme 4: Oxidative dehydrogenation of propane catalysed by
CNTs.

will comment along this paper, one of the issues that still
has to be clarified in many reactions is the nature of the
active sites responsible for promoting the reaction. In the
present case, using an elegant strategy, the catalytic activity
of CNTs for the oxidative dehydrogenation of light alkanes
was compared to that of analogous CNTs samples that have
beenmodified tomask selectively each type of the oxygenated
functional groups [46]. In this way, carboxylic and hydroxyl
groups were selectively protected by esterification or sub-
stitution, respectively, while quinone-like carbonyl groups
were transformed into imines. Comparison of the catalytic
activity of these modified CNTs having selectively masked
one of the three possible functional groups has shown that
the catalytic activity of pristine CNTs and that of the esterified
or hydroxyl substituted CNTs are almost identical and about
four times higher than that of the imine functionalized CNTs
(Scheme 5). This decrease in the catalytic activity for the
modified CNTs that do not contain quinone-like carbonyls
but contain carboxylic and hydroxyl groups has led to the
conclusion that quinone carbonyls are the functional groups
that are responsible for promoting this dehydrogenation [46].
This type of studies shed light on the nature of the catalytically
relevant sites and can serve to prepare carbocatalysts with the
maximum density of these functional groups and, presum-
ably, with the optimal catalytic activity and selectivity.

Considering that the aim of carbocatalysis is to develop
catalysts to replace metals, one challenging reaction that is
known to be promoted by transition and noble metals is
hydroperoxide decomposition. Using transition metal ions,
hydroperoxide decomposition can consume stoichiometric
amounts, leading to the formation of considerable amounts of
wastes in the reaction. One example of this type of reactions
is the Fenton decomposition of H

2
O
2
by Fe2+ ions in water

at acidic pH values [47, 48]. Therefore, there is an increasing
interest in developing catalytic versions of this hydroperoxide
decomposition [47, 48].

In the simplest mechanism, the presence of redox sites
that can reversibly donate one electron reducing hydroper-
oxide and producing the reductive cleavage of the O–O
bond and then become reoxidized by other hydroperoxide
molecules rendering oxygen should catalyze hydroperoxide
decomposition. Scheme 6 illustrates the catalytic cycle of
hydroperoxide decomposition by the presence of a redox site
that really can be considered as hydroperoxide dismutation.
Hydroperoxides have oxygen atoms in the −I oxidation
state and can undergo disproportionation to the 0 and −II
oxidation states. Transition metals having different oxidation
states and binding strongly to hydroperoxides have been the
preferred catalyst for this process.

However, carbon materials can also have other types
of redox sites, for instance, those based on quinone-
hydroquinone pairs having adequate redox potential to pro-
mote the process. In this context, not surprisingly, it has been
reported that CNTs can promote benzene hydroxylation to
phenol byH

2
O
2
with high selectivity [49–51].Theprocess still

requires deeper study and understanding in order to increase
the efficiency and, particularly, to assess the nature of the
active site, but it is interesting to note that the curvature of the
graphene wall inMWCNTs has been invoked as playing a key
role in the reactionmechanism [49]. It would be important to
check this hypothesis by comparing the process with CNTs of
different diameters or even other G-based materials.

In the previous process, the synthesis of a chemical
compound, phenol frombenzene, is the target of the reaction.
However, most frequently peroxide decomposition is used to
degrade organic compounds present in aqueous phase. Also
MWCNTs have been reported to act as catalysts for this type
of reaction. Thus, peroxy monosulfate can decompose by the
presence of MWCNTs leading to the formation of sulfate
radicals that are able to initiate the aerobic decolorization
of methylene blue and decomposition of 2,4-dichlorophenol
[52]. For this reaction, active carbons also exhibit catalytic
activity, but it has been found that reduced graphene oxide
(GO) can exhibit even higher activity than MWCNTs [52].

Doping can be a viable general strategy to introduce
active sites in CNTs. As a general observation, the presence
of N increases the stability of the carbon nanoforms against
oxidation, and, therefore, N doping makes CNTs more
suitable as oxidation catalysts [53, 54]. N-doped MWCNTs
are also able to promote the aerobic oxidation of benzyl
alcohols at moderate temperatures [55, 56]. These N-doped
MWCNTs exhibit for this reaction similar catalytic activity
as G materials.

Although in general similar performance as catalysts
should be expected for CNTs andGmaterials, one peculiarity
of CNTs is the possibility to include inside the tube of
nanometric dimension some metal nanoparticles (NPs) of
size smaller than the diameter of the tubes. In this regard,
Fe NPs have been confined inside CNTs and the resulting
material used for the aerobic oxidation of cyclohexane to
adipic acid, a process of large industrial relevance (Scheme 7)
[57]. However, the study has to show conclusively that
the system based on the inclusion of Fe NPs on CNTs is
stable under the reaction conditions and does not undergo
self-degradation during the course of the reaction. Carbon
nanoforms can be oxidized under various conditions. This
oxidation leads to the formation of oxygenated functional
groups resulting in the creation of defects. In the case of
CNTs, oxidation can result in a shortening of their length as
consequence of the oxidative cutting of the tube. Thus, it is
very likely that CNTs could undergo an increasing degree of
oxidation that eventually could lead to the release of Fe NPs
and the deactivation of the catalyst, but this issue of catalyst
stability in aerobic oxidations has not been yet addressed.

Besides oxidation, carbon nanoforms and also CNTs
have attracted interest as catalyst for reversible hydrogen
release/uptake from metal hydrides [58–61]. In the context
of hydrogen storage, one of the possibilities that has been



Advances in Chemistry 5

Ph (O=C) O2C
Ph (O=C) O O

O

O O

N

N

O

O OO

O

2C

(PhCO)2O

O

OH

HO

OH

OHOH

OH
CO2COPh

CH2COPh

CH2COPh

CNT-anhydride

HO

HO
Ph

Ph

OH

OH

OHOH

CH2COPh CH2COPh

Ph-NH2

CNT-ether

CNT

CNT-imine

PhCOCH2Br
CO2H

CO2H

CO2HHO2C
HO2C

HO2C

HO2C
HO2C

HO2C

– –
– –

Scheme 5: Derivatisation of CNTs to mask selectively oxygenated functional groups to assess the nature of the active sites. It was found that
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Scheme 7: Aerobic oxidation of cyclohexane to adipic acid catalysed
by Fe NPs incorporated inside CNTs ((Fe NP)@CNT).

subjected to intensive study has been storage of hydrogen
into a chemical compound that can release hydrogen on
demand at moderate temperatures with the assistance of a
catalyst. After being used, the residual product resulting from
hydrogen release should also regain catalytically hydrogen
forming the initial hydride. One of the preferred metal
hydrides for this process has been LiBH

4
(1). It has been

found that CNTs can release up to 8.8 wt% of hydrogen from
LiBH
4
under mild conditions [61]. However, comparison

with GO and r-GO indicates that the hydrogen release using
G-basedmaterials is about 1%higher than that of usingCNTs.
This comparison suggests that defects and residual oxygen
functionalities are acting as catalytic centers in this process
and that CNTs could have a lower density of this type of sites:

LiBH
4
 LiH + B + 1.5H

2
(1)

One of the possibilities that CNTs offer in catalysis is
their use as supports of metal NPs. Pd NPs supported on
MWCNTs have been employed as catalyst for hydrogenation,
oxidation, and C–C coupling reactions [62–66]. The activity
of Pd/MWCNTs has been compared to that of palladium
supported on ACs (Pd/C), and it was found that the turnover
number with respect to Pd was higher for Pd/MWCNTs
than that for Pd/C for some of these reactions [33]. It was
considered that the interaction between the graphene wall
of the support with Pd, together with the morphology of
the nanotubes, is beneficial to increase the catalytic activity
of Pd NPs for those reactions in which the Pd particle
size is a key parameter controlling the catalytic activity. In
contrast, Pd supported on MWCNTs were much less active
than Pd supported on charcoal for those reactions such as
hydrogenation of cinnamaldehyde and oxidation of benzyl
alcohol that are less sensitive to the average particle size of
Pd (Scheme 8).

The strong metal-support interaction arising from over-
lapping of the extended 𝜋 system of the graphene wall of
CNTs and the orbitals of metal clusters has also been claimed
as being responsible for the formation and stabilization
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Scheme 9: Pictorial representation of Au NPs supported on modi-
fied SWCNT acting as catalyst for the aerobic oxidation of CO.

of small Au clusters on SWCNTs and for the remarkable
catalytic activity towards molecular oxygen dissociation
(Scheme 9) [67, 68]. Supported Au NPs are highly active
and selective catalysts for the aerobic oxidations of various
functional groups [69], and the experimental data indicate
that the support always plays an important role in the catalytic
activity of Au NPs and in the reaction mechanism. In the
present case, Au NPs supported on SWCNTs are highly
active for the low temperature CO oxidation and theoretical
calculations at the DFT level indicate that this remarkable
catalytic activity should be mainly due to the ability of Au

NPs on SWCNTs for molecular oxygen dissociation resulting
in the generation of Au oxide clusters highly dispersed on the
material. Recently, Corma et al. have shown that it is possible
to prepare and characterize clusters of a few Au atoms on the
surface ofmodifiedMWCNTs and that these clusters between
5 and 10Au atoms are exceedingly active for the aerobic
oxidation of thiophenol to diphenyldisulfide [70]. It is clear
that this type of interaction𝜋-d betweenCNTs andmetal NPs
is currently underestimated and other remarkable examples
observing an increase in the catalytic activity can similarly be
achieved in other cases. The curvature of the graphene walls
and the presence of defects (oxygen functional groups and
carbon vacancies) or heteroatoms should constitute powerful
tools to tune the electron density on the metal NP.

Besides the use as support of metal NPs, CNTs can also
be employed as platforms to anchormetal complexes that can
act as catalytic sites. CNTs conveniently cut and purified can
form permanent inks in aqueous solutions or organic media,
but once used as catalysts they can be recovered by filtration.
In this way, the active sites will be highly dispersed in the
reaction media during the reaction but can be recovered at
the end of the process and the catalyst recycled (“pseudo-
homogeneous catalyst”). An example of this strategy has been
the anchoring of a vanadyl salen complex that has been used
as catalyst for the cyanosilylation of aldehydes (Scheme 10)
[71, 72].

An important point in this approach is characterization
of the integrity of the metal complex and this is better
guaranteed if anchoring of the metal complex to SWCNTs is
carried out in the last step of the preparation of the material
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since all the previous intermediates can be purified and fully
characterized by routine analytical and spectroscopic tools
commonly employed in organic chemistry. Compared to AC,
the use of short SWCNTs has the advantage of a well-defined
morphology and chemistry for covalent functionalization
that can be based on the reactivity of carboxylic groups
present predominantly at the tips andwall defects of theCNTs
or on the reactivity of the graphene wall through specific
cycloadditions such as the so-called Prato reaction or radical
addition (Scheme 11) [73]. In the case of the vanadyl salen
SWCNTs it was found that the system is reusable and the
chiral version can induce the preferential formation of one
enantiomer of the 𝛼-cyano trimethylsilyl ether with high
enantiomeric excess [71]. This area, however, still needs to be
developed and further work is necessary to fully exploit the
possibilities that CNTs offer as scaffolds to anchor covalently
metal complexes including high dispersability, easiness of
recovery, the interaction of substrates and sites with the
graphene walls, either conducting or semiconducting, and
the special morphology with long aspect ratio and high
curvature of the graphene wall.

3. G-Based Materials in Catalysis

Compared to CNTs that are obtained by pyrolysis of adequate
volatile carbon precursors on transition metal-containing
catalysts (Fe and Co alloys or other possible metals) or by
arc-discharge on graphite electrodes prepared adequately in
such a way that they already contain the metal catalyst [36,
74, 75], Gs can be prepared by many other ways, some of

them are chemical methods [76]. Chemical procedures can
be preferable because they generally allow the preparation
of large quantities. Thus, one of the most popular ways
to prepare G-based materials starts with graphite that is
deeply oxidized using KMnO

4
and H

2
O
2
under strong acid

conditions (H
2
SO
4
, HNO

3
), followed by exfoliation and

dispersion in an adequate solvent leading to GO suspensions
[77]. GO has a tendency to undergo chemical reduction
leading to a decrease in its oxygen percentage, typically
about 50wt% oxygen content for GO obtained from graphite
oxidation, forming suspendedmaterials with residual oxygen
content that are generally denoted as reduced graphene oxide
(rGO) [76].

Recently, we have reported a greener alternative to obtain
G and doped Gs consisting in the pyrolysis in the absence
of oxygen of biomass precursors such as modified alginates
or chitosan (Scheme 12) [35, 78, 79]. Chitosan acts as single
source of carbon and nitrogen and depending on the pyrol-
ysis temperature N-doped G can be obtained with various
percentages of nitrogen, up to 8wt%, that decreases as the
pyrolysis temperature increases. Also, alginate modified by
boric acid leads upon heating at temperatures higher than
600∘C in the absence of oxygen to B-doped G; the percentage
of boron depends on the amount of borate in the precursor
and on the pyrolysis temperature (Scheme 12) [35].

Pyrolysis of natural biopolymers tends to form graphitic
carbon residues with loose stacking of the graphene sheets as
evidenced by XRD. These graphitic carbon residues can be
subsequently easily exfoliated without the need of oxidation
[80]. Thus, no liquid chemical wastes are generated in the
formation of doped G by biomass pyrolysis and, in addition,
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only a natural biopolymer (typically considered as a valueless
biomass waste) in combination or not of other dopant
precursors is employed in the synthesis. In summary, either
starting from graphite and submitting it to deep oxidation or
starting from other precursors, G materials are more easily
available than CNTs and can be prepared in larger scale
basically because they do not require catalysts to nucleate the
dehydrogenative carbonisation of the walls.

One advantage of G-based materials is their large diver-
sity and the opportunities to modify the G sheet by oxidation
and doping with heteroatoms. In this sense, the group of
Bielawski has pioneered in showing that GO can be a
carbocatalyst for oxidation reactions (Scheme 13) [21].

Benzyl alcohols can undergo aerobic oxidation promoted
by GO in the absence of metal [81]. Also, GO as acid
carbocatalyst promotes dimerization and oligomerization
of styrene [82, 83]. However, it has to be mentioned that
impurities present in GO have to be surveyed as possible
active sites responsible for the catalytic activity. Since GO
preparation employs a large excess of KMnO

4
and H

2
SO
4
,

it could be possible that these chemicals (or some impu-
rities accompanying them) may not have been removed
completely from GO and that these impurities at the ppm
level or above could be responsible for the catalysis in these
reactions. For instance, our group has shown that GO can
catalyze the room-temperature acetalization of aldehydes by
methanol and the epoxide ring aperture (Scheme 14) and
that this activity is related to the presence of sulphate groups

anchored to G [84, 85]. In accordance with the presence
of impurities on GO and their role in catalysis, it has been
found that exhaustive GO washings to the point in which
the sulfur content becomes below ppms reduces significantly
the catalytic activity of GO for these two processes [84, 85].
Based on this, it has been proposed that –OSO

2
OH groups

anchored on GO sheets should be the active sites for these
two acid-catalyzed reactions. The excellent activity of GO
is a consequence of the high surface area, easy accessibility,
and excellent dispersability of GO sheets. Comparison of the
catalytic activity of GO obtained from Hummers oxidation
with that of acetic acid reveals that HOAc is much less
efficient to promote these two reactions that probably require
sites of strong acidity. However, –OSO

2
OH groups are not

permanently bonded to the GO sheets and can undergo
hydrolysis. Therefore, upon reuse, a gradual decrease in the
catalytic activity is observed [84]. In this sense, the need
of complete analytical data of G-based materials should be
emphasized since their catalytic activity can arise from Mn,
Fe, or other metal impurities or adventitious acid sites well
dispersed on the large surface area characteristic on single-
layer GOs.

More recently, our group has found that N-dopedG or (B,
N-) codoped G are suitable carbocatalysts to promote aerobic
oxidations [35]. Comparison of these doped G materials
with the catalytic activity of undoped G prepared following
the same procedure suggests that this catalytic activity is
due to the presence of the dopant elements. In comparison
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Scheme 14: Catalytic activity of rGO for the room temperature
formation of dimethyl acetal and epoxide ring aperture due to the
presence of residual sulfate groups anchored to the G sheet.

with N-doping, doping with B atoms leads to a material
with lower activity [35]. IR monitoring of the interaction
of molecular oxygen with (N)G shows the appearance of a
new band that has been attributed to some peroxyl groups
on G [35]. Formation of this peroxyl group is reversible and
mild heating and evacuation under reduced pressure lead
to the disappearance of this band [35]. Other studies have
also shown the ability of N atoms on G to activate molecular
oxygen [86], and how this interaction can serve to promote

aerobic oxidations of benzylic alcohols and hydrocarbons,
although theymay require the use of tert-butylhydroperoxide
as initiator [35]. Overall, the above data shows the potential
that the incorporation of dopants on the G sheet can have to
produce active sites on the carbocatalysts as I have already
pointed out for the case of CNTs (Scheme 3) [35].

Besides benzylic alcohols and hydrocarbons, styrene can
also undergo aerobic oxidation by doped G leading to
oxidative C=C bond degradation forming benzaldehyde or
C=C bond epoxidation accompanied by rearrangement of
the epoxide to 2-phenylacetaldehyde (Scheme 15) [35]. The
important observation here is that the product selectiv-
ity changes along styrene conversion. Thus, benzaldehyde
is formed initially with almost complete selectivity, while
styrene oxide appears at higher conversions but can reach
selectivities over 60% at final reaction times [35].

These changes in product selectivity as well as the for-
mation of benzaldehyde without induction period have led
to proposing a mechanism for styrene oxide formation that
is similar to the one assumed for oxidation with molecular
oxygen using a transitionmetal complex or salt and aldehydes
as cocatalysts [87]. According to this mechanism, when the
concentration of benzaldehyde is sufficiently high, reaction
of oxygen with benzaldehyde promoted by doped G in the
absence of metals will lead to the formation of benzoyl
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Scheme 15: Product distribution in the aerobic oxidation of styrene
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Figure 1: Time-conversion plots for the aerobic oxidation of styrene
using (N)Gas catalyst in the absence (a) and in the presence of 2.5 (b)
and 5wt% (c) of benzaldehyde. Reaction conditions: styrene (1mL),
(N)G (10mg), and oxygen purging through a balloon, 100∘C. Plot
taken with permission from [35].

peroxides and peracids that will be the real oxidizing species
leading to C=C epoxidation. Experiments in which various
amounts of benzaldehyde were added since the beginning of
the reaction show that, under these conditions, styrene oxide
is formed without any induction period (Figure 1).

As commented in the section of CNTs, also G-based
catalysts exhibit activity for the decomposition of peroxide
monosulfate and other peroxides [52, 88]. The main applica-
tion of these reactions has been decolorization of dyes present
in aqueous solution. Peroxide monosulfate as reagent has
the advantage over hydrogen peroxide in that the process
can take place at neutral pH values and that the resulting
sulfates radicals are highly reactive species attacking most of
the organic compounds that could be present in water.

Besides oxidations, G can also be used for reduction.
Although obviously this reaction type has been much more
frequently performed with catalysts containing noble metals,
G in the absence of any metal can have also some activity.
One of the favorite reactions for which the catalytic activity
of G has been tested is the reduction of nitrobenzene and
derivatives with NaBH

4
[89–91]. In most of the cases, a large

excess of NaBH
4
(over 300 equivalents) was used. Although

this large excess of NaBH
4
is unrealistic for any application

due to the relatively high price of this commodity chemical,
it can be used as a benchmark reaction to rank the activity
of the G catalysts by using reaction conditions in which
the kinetics becomes apparently of first order. In this way
the value of the rate constant can quantitatively assess the
activity of the catalyst. Another advantage of the reduction
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Figure 2:Model forGO showing the possible oxygenated functional
groups and their location on the sheet.

of nitrobenzene to aniline as a model reaction is that using
nitrophenol as probe under basic pH values, the reaction
can be carried out in aqueous solution, highly compatible
with GO and r-GO, and the course of the reaction can be
simply monitored by following in UV/visible spectroscopy
the decay and growth of the specific bands corresponding to
nitrophenol and hydroxyaniline, respectively.

As commented previously in the case of CNTs, oxidative
dehydrogenation of alkanes is a reaction that can be
carried out also using G-based materials as catalyst [92].
In particular, GOhas been reported as catalyst for the process.
It should be commented that there are different models of
GO that try to fit with spectroscopic and analytical data for
this material. These models indicates the type of oxygenated
functional groups that should be present in highly oxidized
GO (Figure 2). The functional groups include epoxide, ether,
hydroxyl, and carboxylic acid functionalities and basically
have to explain the high oxygen content of GO that can be
even above 50% in weight as I have already pointed out. This
high oxygen content present in GOdetermines that the active
sites that have been proposed for the oxidative dehydrogena-
tion of propane on CNTs (quinone-like moieties) could not
be the same as those responsible for the same reaction in GO.

In fact it has been proposed that in the case of GO, epoxy
groups should be mainly responsible for the process [92].
In a certain way, GO would act in the reaction mechanism
for the oxidative dehydrogenation analogously to the well-
established Mars van Krevelen mechanism occurring in
nonstoichiometric metal oxides. In these nonstoichiometric
oxides oxygen from the solid lattice is reversibly transferred
to the substrate causing its oxidation and, then, is replenished
by the oxidizing reagent [93]. According to this analogy,
oxygen atoms of the epoxide groups present on GOwill form
water by reaction with the propane, but, in a subsequent step,
epoxides will be formed again by reaction with molecular
oxygen.

One interesting application of G-based materials is to act
as catalyst in the combustion of nitromethane and other high
energy fuels for rocketry, thus increasing the power that the
fuel can deliver to the engine. Combination of theoretical
and experimental data indicates that defects on the G sheet
and dangling bonds are responsible for the generation of
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nitromethyl radicals that subsequently react with adsorbed
oxygen and also for the decomposition of peroxide interme-
diates [94, 95]. It could be interesting also to determine if this
catalytic activity of G in combustion reactions can be applied
to conventional fuels, such as gasoline or diesel, where the
combustion of G could boost the octane or cetane number of
fuels.

Although the use of G materials as carbocatalysts is
developing currently at a very fast pace, it is clear that
at the present, the most widely use of G in catalysis is
as support of metal NPs. In this type of reactions, G can
cooperate to the process at least in four different ways. The
first one is providing a material with a very large surface area
allowing a good dispersion of themetal NPs (estimated about
2630m2 × g−1 for fully exfoliated, single-layer material) [96].
In addition, a second possible effect is the strong metal-G
interaction that takes place particularly at defects and in the
position in which heteroatoms are located in doped Gs [97,
98]. The extended 𝜋 orbital of G, especially in certain areas,
is particularly suitable for overlapping with the d orbitals
of transition metals leading to charge transfer phenomena
between the metal and the support. This orbital overlap
also determines a high affinity of G for metals, minimizing
leaching of the metal from the surface to the liquid phase
and also reducing particle growth and agglomeration. In this
case, the key point is to show how the presumably strong 𝜋-d
interaction between theG sheet and themetal atomsmodifies
the intrinsic catalytic activity of themetal NPs with respect to
other supports.

A third general effect that has been frequently claimed to
rationalize the excellent performance of the catalytic activity
of metal NPs supported on G has been the strong adsorption
capacity of G for substrates and reagents, bringing them in
close proximity to the active sites and even also transferring
electrons to them.

A fourth way in which G can contribute to the catalysis
in which metal NPs are the main active sites is by providing
acid, base, or other types of sites that can cooperate in certain
steps of the reaction mechanism. The frequently observed
consequence of the use of G as support of metal NPs is
a very good dispersability of the material in the reaction
medium that derives from the single-layer morphology and
subnanometric dimensions of the G.

Comparison of the activity and selectivity of G-supported
metal NPs with that exhibited by other related materials and,
particularly, metal supported on ACs is necessary in order to
fully delineate the advantages of using G sheets as supports.
The presence of active sites on the G sheet combined with
the catalysis by the metal could lead to the development of
bifunctional catalysts with activity in tandem reactions in
which two or more processes occur in a single step.

The flat surface of G sheets is particularly suitable for
the interaction with metal NPs and Pd, Au, Pt, and Ru have
been among the preferred examples for their use in catalysis
[99]. At the moment, although there is a large number of
examples for preparation of supported metal NPs on G, their
application in catalysis is still relatively limited. It is expected
that the numbers of examples will grow in the near future,

applying Gs not only as catalysts oxidation, reductions,
and couplings, but also for novel reactions in the field of
reversible hydrogen release/uptake. In the case of Au NPs
supported on Gs there are some examples showing their
activity as reduction catalysts for the transformation of
aromatic nitro groups into amines using sodium borohydride
as reagent [100]. Similarly, Pt NPs have been supported
on G and used as oxidation and hydrogenation catalysts
that are reaction types of general importance in industry
and organic chemistry [101]. Pd NPs supported on Gs have
been the preferred pseudohomogeneous catalyst for coupling
reactions [102].

Theoretical studies suggest that defects on G should
favour the interaction with supported Pt NPs [103]. Compu-
tational ab initio calculations have led to proposing that Pt
supported on defect-engineered G should be more tolerant
compared to free Pt NPs to the poisoning by CO, since
it should show a higher affinity for H

2
[104]. This lower

tendency to CO poisoning is of importance for the develop-
ment of fuel cells and must be corroborated by experimental
measurements [105].

Pt NPs supported on rGO can be obtained by solvolysis
using ethylene glycol as reductant and stabilising agent
[106–108]. The average particle size of Pt NPs prepared in
ethylene glycol can be around 3 nm and they can exhibit
oriented 1.1.1 facets.Thismaterial performs for hydrogenation
of nitrobenzene to aniline over 12 times more efficiently
than an analogous Pt catalyst using MWCNTs as support.
Furthermore, the catalytic activity at 0∘C of Pt-rGO is about
20 times higher than the activity of Pt supported on AC.This
enhanced catalytic activity of Pt-rGO is proposed to arise
from the high dispersion of Pt clusters on rGO and from the
dispersability of this material in the reaction mixture [101].

Electrical conductivity is one of the main properties of
sp2-forms of carbon allotropes and particularly of G-based
materials. This electrical conductivity can serve to develop
electrocatalysts [86, 109]. Pt NPs supported on G sheets of
small dimensions (G quantum dots (GQDs)) have also been
prepared by solvolysis with ethylene glycol of PtCl

4

− on
nanosized GQDs obtained by acid etching of carbon fibers
[110].The resultingmaterial exhibits high activity as electrode
for the electrochemical oxygen reduction, where the target is
to reduce as much as possible the overpotential needed for
this electrochemical process [111]. It was found that Pt-GQD
shows an onset potential for oxygen reduction of +1.05V, that
is, 70mVmore positive than the onset potential observed for
an analogous electrode prepared with Pt supported on AC
[111]. In fact, due to the electrical conductivity, G materials
containing or not metal NPs have been widely used as
electrocatalysts, but this area has been covered extensively
in recent reviews and the reader is addressed to them for a
complete coverage [112–115].

4. Diamond Nanoparticles (DNPs) as Support

DNPs are affordable and commercially available (Aldrich,
CAS: 7782-40-3). DNPs can be prepared by milling of
diamond powders or by explosive detonation [28]. In the last



12 Advances in Chemistry

case, the commercial samples have DNPs embedded in a
matrix of amorphous carbon (“soot”) and it is necessary to
treat the samples to etch this amorphous soot matter. DNPs
from milling have generally much larger particle size than
samples obtained by detonation that are smaller than 10 nm.
Considering the importance of having small particle sizes,
DNPs from detonation should be preferred as support in
catalysis provided that they are liberated from the soot.

In the previous shown cases of CNTs and G allotropic
forms, the carbon atoms have sp2 atomic orbitals and a strong
interaction due to the overlap of extended 𝜋 orbitals of CNTs
or G materials with substrates or metal NPs should play a
key role in the catalytic activity. In contrast, in the case of
DNPs the carbons are mainly sp3 with surface OH groups
and no 𝜋-𝜋 or 𝜋-d overlapping can take place. Moreover, a
large percentage of the surface of DNPs can be highly inert
and can be envisioned better as devoid of interactions with
the active sites or metal NP. This robustness and inertness of
DNPs can be, however, beneficial for their use as support to
promote some reactions in which highly aggressive species
that can react with the support are going to be formed.
Thus, the current state of the art does not consider DNPs as
carbocatalysts, since there is no a clear view of which type of
sites could be present in sp3 carbons, but, on the other hand,
they complement CNTs andGs as support, since they provide
and inert and robust surface that, however, can immobilize
metal NPs by the presence of occasional OH groups.

One example of the beneficial use of DNPs as supports
of metal NPs is in the catalytic Fenton reaction for the
degradation of the organic pollutants in water by hydrogen
peroxide [116, 117]. DNPs can be hydrophilic materials when
the population of surface hydroxyl groups is large. It is in
these surface OH nests where metal NPs are anchored. The
density of these hydroxyl groups can be diminished to meet
the optimal density required to interact with the metal NPs
by reductive treatments with hydrogen at temperatures above
300∘C that converts C–OH into C–H groups [118]. Turnover
numbers as high as 500,000 have been determined for Au
supported on DNPs in the degradation of phenol taken as
model pollutant [116, 117, 119]. For this reaction at acid pH
values, almost quasistoichiometric 5 : 1 equivalents of H

2
O
2

to substrate are needed [116, 117, 119]. These conditions are
remarkable, since very frequently reported Fenton catalysts
useH

2
O
2
excesses as large as 10,000 [116, 117, 119]. Apparently,

the key point of the excellent catalytic activity of the Au-DNP
as catalyst is the combination of the lack of spurious H

2
O
2

decomposition characteristic of the catalytic behavior of Au
NPs and the fact that ∙OH radicals formed in the process are
free to diffuse into the solution, not remaining surface-bound
as it happens withmany other solid Fenton catalysts based on
metal (typically Fe) supported on inorganic or organic solids
(Scheme 16) [120, 121].

One of the undesirable limiting conditions of the Fenton
chemistry that should be overcome is the need of acidic
pH values, typically below 5 units, to occur [122]. For many
applications, it will be important to effect the Fenton reaction
at neutral pH, since it is not possible to adjust the pH value
for large water volumes or stream flows. Operation of Fenton

HO-OH
Surface bound 

radical
OH

MMMMM MMMMM

HO-OH ∙OH (free radical)

Au-DNPs
(a)

(b)

Scheme 16: Pictorial illustration of the characteristic catalytic activ-
ity of Au-DNP generating free ∙OH radicals due to the inertness of
its surface (a) in contrast to surface-bound ∙OH radicals (b).
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for the phenol disappearance in the catalytic Fenton degradation by
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using Au-DNP as catalyst in the dark in the absence of buffers.
The reaction is initiated at neutral pH, exhibiting an induction
period. Once the reaction starts, there is a decrease in the pH value
up to 3.5 due to the formation of polycarboxylic acids that accelerates
the reaction.

catalysis at neutral pH can only be achieved using a very
large excess of H

2
O
2
and, if there are not buffers in the

solution and for batch reactions, it is frequently observed that
after an induction period characterized by a slow start up
of the reaction an acceleration occurs (Figure 3). This often
remarkable increase in the reaction rate is mainly due to the
fact that the pH of the solution becomes spontaneously acidic
as soon as some phenol decomposes due to the formation of
carboxylic acids that are the degradation byproducts. It was,
however, observed that in the case of Au-DNPs the reaction
can take place at initial neutral pH values if the reaction is
illuminated with solar light or artificial visible light [116, 117].
The reason for this photoinduced process is that Au NPs
exhibit a surface plasmon band at 𝜆max 560 nm, and visible
light absorption at this wavelength can promote electron
injection from excited Au NPs to H

2
O
2
, leading to ∙OH

radicals even in this unfavourably high pH range (Scheme 17)
[116, 117].
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Scheme 17: Proposed mechanism for the photoinduced catalytic
Fenton generation of ∙OH radicals at neutral pH values by visible
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Scheme 18: Catalytic activity of Cu-DNP for the C=C double bond
hydrogenation by hydrazine in the presence of oxygen and the
aerobic oxidative coupling of thiophenol to diphenyldisulfide.

Alternatively or coincidentally, irradiation at the Au
surface plasmon band can induce local heating near the Au
NPs that initiate a thermally induced Fenton reaction [116,
117]. It has been reported based on estimation of the reaction
rates and activation energies that irradiation can induce in the
submillisecond time scale local temperatures as high as 300∘C
[123].

Recently the use of DNPs as supports of metal NPs has
been extended by developing DNP-supported Cu NPs that
are efficient catalysts for the aerobic oxidation of thiols to
disulfides [124] and for the hydrogenation of C=C double
bonds by hydrazine (Scheme 18) [125]. As in the case of
the Au-DNPs, the key feature to understand the excellent
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Scheme 19: Proposed mechanism for the hydrogenation of C=C
double bonds by hydrazine under aerobic conditions promoted by
Cu-DNP as catalyst.

catalytic activity of Cu DNPs is the small particle size of the
metal NP (in the subnanometric size) and the inertness of
the surface. Thus, using hydrazine as reducing agent for the
hydrogenation of styrene, Cu-DNPs is far more active than
other metal NPs including Pd and Pt or other supports such
as ACs [126]. This higher activity of Cu NPs over precious
metals is interesting from the point of view of reducing
the dependency of catalysis on expensive noble metals.
The reaction mechanism of Cu-DNP catalysed hydrazine
reduction involves presumably the intermediacy of diimide
generated by aerobic oxidation of hydrazine (Scheme 19). In
fact, even though this reaction is a reduction, it requires
the presence of oxygen to occur. Diimide (Scheme 19) is a
highly reactive intermediate that spontaneously decomposes
and can be envisioned as the precursor of H

2
+ N
2
. The

use of hydrazine combined with Cu-DNPs as catalyst can be
convenient for some applications avoiding manipulation of
hydrogen gas.

Cu-DNPs have also been found to be a recyclable catalyst
for the selective oxidation of thiols to disulfides by molecular
oxygen [124]. The interesting point here is that, on one
hand, thiols are typical poisons of noble metals such as
palladium and gold and, on the other hand, they tend to form
different oxidation products including sulfenic and sulfonic
acids. Thus, Cu-DNPs appear to be ideal catalyst that does
not undergo deactivation and exhibits selectivity towards
disulfide. TONvalues as high as 5,700 have beenmeasured for
the oxidation of thiophenol to diphenyl disulfidewith the Cu-
DNP catalyst being reusable at least in four cycles at PhSH/Cu
mol ratio of 5772 with turnover frequency of 825 h−1 [124].

This behavior of Cu-DNPs and its stability contrasts,
for instance, with the performance of Cu-containing metal
organic frameworks such as Cu

3
(BTC)

2
(BTC: 1,3,5-ben-

zenetricarboxylate) that undergoes complete decomposition
under similar conditions [127–129]. Metal organic frame-
works are microporous crystalline solids that are used as
catalysts for a wide range of organic [130] reactions including
alcohol [131] and alkane aerobic oxidations [132]. However,
metal organic frameworks and in particular Cu

3
(BTC)

2
may

not be stable in the presence of thiols [133]. This comparison
illustrates again the robustness of metal supported DNPs
catalysts with regard to other alternative solids.

Besides being used as supports of noble metal and Cu
NPs, oxidized DNPs have been also been used as supports of
other first-row transition metal oxides that exhibit catalytic
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Scheme 20: Oxidative dehydrogenation of ethane by CO
2
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activity for hydrocarbon dehydrogenation or oxidation using
CO
2
as oxidizing reagent. I have shown previously that

commercially available DNPs samples should preferably be
oxidized to remove amorphous soot matter. This process
generates a large density of oxygenated surface functional
groups that can be undesirable to stabilize small metal NPs.
For this reason, another alternative to remove this amorphous
carbon contaminating DNPs could be initial hydrogenation
of commercial diamond powder at high temperatures under
pure hydrogen stream and, then, the process should be
followed by oxidation with diluted molecular oxygen at
450∘C.This pretreatment is very important in order to control
the properties of the external DNP surface that after the
treatment contains carbonyl groups and ethers. It is, however,
very likely that partial combustion of DNP surface could lead
also to hydroxyl and carboxylic groups that can interact by
sharing the oxygen with metal oxide clusters on the surface
and, therefore, the conditions and time of the treatment
can have a considerable impact on the performance of the
resulting DNP as catalyst.

Using this type of DNP powders obtained by hydro-
genation and oxidation as support, Nakagawa et al. have
deposited metal NPs on the surface by wet impregnation
of the corresponding metal salt followed by calcination at
450∘C under air [134]. Depending on the nature of the
metal oxide, the resulting DNP containing metal oxide NPs
exhibits distinctive catalytic properties for various reactions
of hydrocarbons with CO

2
.

For instance, Ni-DNP is able to promote dry reforming of
methane (see (2)) making methane conversion reach about
25% at 600∘C without deposition of elemental carbon on
the catalyst [134]. It was proposed the catalytically active
species in this dry reforming should be Ni NPs that must
be formed from NiO at the initial stages of the reaction.
The weak interaction of NiO with the surface of DNPs
will be responsible for the easy generation of Ni NPs in
the course of the reaction and therefore of the catalytic
activity:

CH
4
+ CO
2
→NiO-DNPs

2CO + 2H
2

(2)

In another work, the partial oxidation of methane has
been carried out using as catalyst Ni or Co NPs supported on
DNPs. The catalysts were prepared by impregnation of DNP
powders with the required amount of the metal salt followed
by water evaporation and calcination at open air at 450∘C.
The catalytic activity data show that Ni-DNP performs better
than Co-DNP and significantly better than other analogous
catalysts of these two metals on different supports, reaching

conversions of 32% at temperatures of 700∘C [135]. It was
determined that at this temperature no carbon deposition
on the catalyst occurs and, therefore, the activity of the
catalyst remains steady without deactivation. Concerning
the reaction mechanism, it was proposed that the overall
partial oxidation is the combination of the total combustion
of methane coupled with hydrogen reduction of CO

2
[135]:

CH
4
+ 2Osurf → CO

2
+ 2H
2

(3)

CO
2
+H
2
→ CO +H

2
O (4)

CO
2
→ CO +Osurf (5)

When instead of methane, ethane or light alkanes are
reacted with CO

2
using Cr

2
O
3
-DNPs, then dehydrogenation

of ethane and light alkanes takes place (Scheme 20) [136].
The yield of C

2
H
4
increases along of the oxidation state of

chromiumoxide present on theDNP catalyst. It was observed
that the presence of oxygenated functional groups on the
surface of diamond plays a key role in the dehydrogenation by
acting as oxygen supplier in the formation of water. Oxygen
becomes subsequently replenished by CO

2
. According to this

reaction mechanism, CO
2
under the reaction conditions will

transfer oxygen atoms toDNPs, becoming converted into CO
[136].

V
2
O
5
supported on DNPs is also able to promote the

reaction of methane and ethane with CO
2
but exhibits in

general a different reactivity than Ni NPs or Cr
2
O
3
NPs

[137]. In the case of V
2
O
5
-DNPs, the result of the reaction

is the corresponding aldehyde, indicating that there is a
transfer of an oxygen atom to the alkane (see (6)). Cat-
alytic measurements have shown that formaldehyde yield
increases with the increase of the partial pressure of CO

2

and with the increase of the space velocity [137]. The later
observation was explained as derived from the fact that
long residence time of formaldehyde on the catalyst leads to
its decomposition. The optimal V

2
O
5
-DNP contains 2wt%

of V
2
O
5
loading and the maximum TOF measured was

2.7 molHCHO×h−1×molV
2
O
5

−1 [137]. Similar trends were
observed for the formation of acetaldehyde by oxidation
of ethane by CO

2
. As in the related dehydrogenation with

Cr
2
O
3
-DNP, it was proposed that the oxygen atoms of V

2
O
5

and on the surface of DNP are transferred to C
2
H
6
to form

CH
3
CHO and that the role of CO

2
is replenishing surface

oxygen atoms to DNP:

CH
3
CH
3
+ 2CO

2
→V
2
O
5
-DNP

CH
3
CHO + 2CO +H

2
O

(6)

The role of CO
2
providing oxygen atoms to the surface of

DNPs avoids deposition of elemental C on the catalyst that is
the main cause of the lack of selectivity and deactivation of
the catalyst. If Ni-DNP or Pd-DNP are used as catalysts for
the pyrolysis of ethane or methane, then filamentous carbon
nanotubes are formed by decomposition of this hydrocarbon
[138, 139]. As it is usually observed, due to the higher strength
of C–H bonds, dehydrogenative decomposition of methane
requires temperatures higher than those for the case of ethane
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+ H2O
RRR (H)R(H)H

OOH

Pd-CeO2-DNP
+ 1

2
O2

Scheme 21: Aerobic oxidation of alcohols.

that can be decomposed at temperatures between 400 and
600∘C in the case Ni-DNP or 500 to 800∘C in the case of Pd-
DNP. It was observed that temperatures above 650∘C lead to
deactivation of Ni-DNP due to the formation of NiC

𝑥
phases

[138]. In fact, the morphology of the metal NPs changes
under the reaction conditions from spherical particles to
faceted thin flat particles under operation conditions [138].
Annealing of the resulting thin carbon filaments at 800∘C for
5 h under argon also changes the morphology of the carbon
filaments to CNTs with high diameters in the range from 80
to 130 nm.

Oxidation of alcohols to carbonyl compounds is a process
of large importance in organic synthesis as well as for the
preparation of commodities and fine chemicals. A long goal
in this area is to develop a general catalyst that can promote
selectively alcohol oxidation using molecular oxygen or air.
In this regard, it has been reported that Pd NPs combined
with CeO

2
NPs supported on diamond is able to catalyze this

reaction (Scheme 21) [140]. As in other cases, preparation of
thematerial was performed by two consecutive impregnation
cycles, first with Pd(OAc)

2
and then Ce(NH

4
)
2
(NO
3
)
6
, fol-

lowed by solvent removal and air calcination at 450∘C for 5 h
[140]. Before using as catalyst, it was necessary to treat the Pd-
CeO
2
-DNP with a hydrogen stream at 85∘C for 1 h to reduce

Pd(II) to Pd NPs. In this way, conversions of 95% of benzyl
alcohol to afford 78% benzaldehyde were achieved [140]. The
TOF value of the catalyst was 850 h−1. It was proposed that
DNP as support contributes to the catalysis by providing a
hydrophobic environment to the active sites avoiding strong
water adsorption on the sites. In addition, the lack of porosity
of DNP determines that the reaction takes place on a fully
accessible external surface. Comparison of the performance
of Pd-CeO

2
-DNP with analogous Pd-DNP catalyst lacking

CeO
2
for the oxidation of 1-phenylethanol shows that the role

of CeO
2
should be neutralization of the adventitious acid

sites on the catalyst surface that are responsible for the lack
of selectivity leading to the formation of undesirable methyl
benzyl ether and ethyl benzene as secondary products. Other
basic metal oxides such as Y

2
O
3
perform similarly to CeO

2
,

avoiding the acidity introduced by Pd [140]. Also, comparison
of the average particle size for Pd-DNP and Pd-CeO

2
-DNP

shows that an additional role of CeO
2
is to favor Pd dispersion

reducing the average particle size from 4.7 (Pd-DNP) to
3.9 nm (Pd-CeO

2
-DNP) [140]:

Fischer-Tropsch synthesis of hydrocarbons is a well-
proven technology for the production of fuels from CO and
H
2
mixtures of different origins. DNPs have also been used

as supports of Co NPs that have high activity for the Fischer-
Tropsch synthesis [141]. Two different metal salts, either
Co(NO

3
)
2
6H
2
OorCo(OAc)

2
, were used in the impregnation

of DNPs as cobalt precursors. Impregnation can be carried

out either in aqueous solution (Co(NO
3
)
2
6H
2
O) or in ace-

tone (Co(OAc)
2
). An interesting aspect of this work has been

to show the superior performance of DNPs as support of
Co NPs compared to graphite or ACs, even though DNPs
have lower surface area than the other two carbon supports.
To rationalize this higher activity of DNPs, it was proposed
that sp2 carbons exert a negative influence on the Co atoms
at the interface, by transferring electron density from the
support to the metal, decreasing its catalytic activity [141].
This proposal is again in line with the general fact that for
some reactions the inertness of DNP surface can be beneficial
for some processes.

Several factors play a key role in the catalytic activity for
the Fischer-Tropsch transformation of Co-DNP, such as the
reduction temperature in the catalyst pretreatment that influ-
ences Co particle size, the reaction temperature that deter-
mines the selectivity for methane and C

5+
hydrocarbons, and

the partial pressure of H
2
and CO. All these parameters,

includingmetal precursor salt and Co loading, determine the
catalytic activity of the Co-DNP catalyst and the selectivity of
the process that, in general, has to be adjusted to optimize the
product distribution in C

5+
hydrocarbons that can be used

as fuels and gasoline alternative. Under optimal conditions,
Co-DNP becomes a very stable catalyst, maintaining a steady
conversion for one day of continuous flow operation.

Besides being used as supports of metal NPs, DNPs offer
other possibilities in catalysis. Due to the high density of
surface OH groups, DNPs can also be used advantageously
to anchor covalently some moieties, for instance, by using
acyl chlorides or alkoxysilane reagents as reactive functional
groups to attach the moiety to the surface [29]. This strategy
has, however, still to be further exploited in catalysis for
anchoring transition metal complexes as it has been already
reported for CNTs and G [142]. In comparison to the last
materials, DNPs offering inert surfaces should in principle
exhibit a reactivity of the transitionmetal complexmore alike
to that observed for homogeneous phase analogues.

5. Summary and Future Prospects

In the above sections, I have illustrated the potential that
nanostructured allotropic carbon materials offer in catalysis
either as carbocatalysts or as supports of active sites. In those
cases in which thematerial can be suspended indefinitely, the
system can work similarly to a homogeneous catalyst with
the added advantage of being recoverable at the end of the
reaction. It has been found that the CNTs and Gs having
extended 𝜋 orbitals can interact strongly with substrates
and metal NPs, and in this way these carbon supports can
influence the catalytic activity by favoring the contact of
substrates with the active sites.

Another aspect is that CNTs and G can assist by epitaxial
interactions the preferential growth of certain crystallo-
graphic facets in the metal NPs while maintaining their small
average particle size and influencing their electronic density
on the metal NP. These factors can exert strong influence in
the catalytic activity exposing themost activemetal facets and
tuning the electronic density on the metal atoms.
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However, these carbonmaterials constituted by sp2 atoms
may suffer from poor stability when highly reactive interme-
diates are generated due to the single-layer G structure or due
to the tendency to undergo oxidation and degradation. In
contrast, in the other extreme, DNPs conveniently purified
from amorphous soot matrix offer an intrinsically robust
and inert surface while still allowing anchoring of NPs and
stabilization of very small average size particles due to the
presence of –OH nests on the surface. Thus, DNPs are more
suited for those reactions in which the role of the support is to
provide a high dispersion of themetal NP, without possessing
directly any intrinsic catalytic activity.

Considering the availability of new allotropic nanostruc-
tured carbon materials and their unique properties derived
from well-defined morphologies, high surface area, and
predictable interactions, it can be anticipated that their use in
catalysis will grow in the near future [17, 21, 30]. Particularly,
G materials can have some advantage over CNTs due to the
wider availability and their more convenient preparation and
modification [30]. Similarly, the use of DNPs will also grow
and will be particularly suited for reactions carried out under
harsh conditions and in where highly aggressive and reactive
intermediates are generated.
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mining activity and selectivity of supported gold nanoparticles
for the aerobic oxidation of alcohols: The molecular reaction
mechanism,” Chemistry—A European Journal, vol. 14, no. 1, pp.
212–222, 2008.

[70] A. Corma, P. Concepción, M. Boronat et al., “Exceptional
oxidation activity with size-controlled supported gold clusters
of low atomicity,” Nature Chemistry, vol. 5, no. 9, pp. 775–781,
2013.

[71] C. Baleizão, B. Gigante, H. Garćıa, and A. Corma, “Chiral
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