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Abstract The science and technology of catalysis is of
fundamental importance to a national economy. Today
about 90% of all technical chemicals are manufactured by
the use of catalysts. Nanoparticles of noble metals are
extremely important materials in the catalysis industry due
to cost issues and properties that are not found in their bulk
state. An efficient way to produce and stabilise noble metal
nanoparticles is by dispersion on a suitable support. Car-
bon-based supports, such as carbon nanotubes, carbon
spheres, carbon fibres, etc., have been found to be good
supports for metal nanoparticles. However, to be used
effectively, the carbon surface must be modified either by
functionalisation or doping. This review discusses the
synthesis and the possible applications of nitrogen-doped
carbon nanotubes as supports for metal nanoparticles in
heterogeneous catalysis.
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Introduction

Catalysis plays an important role in the production of many
compounds in numerous fields such as fuels and fine
chemicals (Ledoux and Pham-Huu 2005; Reddy et al.
2006). A key issue in catalysis is to obtain high surface
area catalysts in order to enhance catalytic activity and
selectivity (Ledoux and Pham-Huu 2005; Gao et al. 2006).
This is achieved by using support oxides of the transition
metals, such as silicon dioxide, titanium dioxide, etc.,
which are among the most commonly used heterogeneous
catalyst supports (Martinez-Méndez et al. 2006). Catalyst
activity depends on the particle size and appropriate dis-
tance between each particle. These catalysts deposited on a
support are affected by the surface reactivity and the
microstructure of the support (Chakrabarty 1990; Ledoux
and Pham-Huu 2005). The surface area of the support can
be increased by exposing the support to corrosive treatment
to develop cracks and pores. The higher the surface area of
the support the better the dispersion of the catalyst on a
high surface area material (Chakrabarty 1990). The mor-
phology and the nature of catalyst support is considered to
be important factors in obtaining a high dispersion of
nanoparticles (Gao et al. 2006).The support can also
influence the performance of the catalyst through electronic
interactions and migration effects (Mhlanga 2009).

A catalyst support is a material on which an active metal
nanoparticle is deposited. It can be granular, fibrous or a
monolithic material with high thermal stability. Examples
include either naturally occurring materials, such as clays
and zeolites or synthetic materials like silica, titania, alu-
mina and zirconia (Chakrabarty 1990). The challenge
related to the use of the above supports is that they are not
easy to remove from the products at the end of the reaction
due to their high degree of insolubility. To overcome this
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challenge, carbon has been used as a support (Chen et al.
2004, 2010a, b, c; Gao et al. 2006; Garcia et al. 2006; Guczi
et al. 2006; Reddy et al. 2006; Chen et al. 2007; Antolini
2009). Carbon can, in principle, be removed by oxidation.

In recent years, different forms of carbon have been
used to support many different metals. In particular the use
of carbon nanotubes (CNTs) has been extensively reported.
To achieve good interaction between CNTs and the metal,
CNTs can be functionalised or doped. The most common
dopant used to modify the behaviour of CNTs is nitrogen.
Doping of CNTs with nitrogen leads to nitrogen-doped
CNTs (N-CNTs).

This article critically reviews the work reported to date
using N-CNTs as support materials for catalysts.

CNTs

CNTs can be described as an one-dimensional form of a
fullerene with a well-defined direction along the nanotube
axis that is analogous to the in-plane directions of graphite.
CNTs can be either single-walled (SWCNTs), double-
walled (DWCNTs), or multi-walled (MWCNTs). Ideally,
SWCNTs are made of a perfect graphene sheet, rolled up
into a cylinder and closed by two caps (Li and Zhang 2005;
Fan et al. 2006). The diameters of SWCNTs are typically in
a range of 0.4-3 nm, while the length can be up to several
microns. Typically, MWCNTs can be considered as a
series of concentric SWCNTs with inner diameters of
1-30 nm and with outer diameters of up to 100 nm (Fan
et al. 2006). Since the report of CNTs by lijima in 1991,
their physical and electronic properties have generated
considerable interest. The most noticeable properties are
their excellent mechanical toughness, good electrical con-
ductivity, and high tensile strength, which are required for
numerous applications (Thostenson et al. 2001; Montoro
and Rosolen 2006). One of the first observed major com-
mercial applications of MWCNTs was their use as an
electrically conducting material with dramatically
increased modulus and strength (Dresselhaus et al. 1996).
Porous CNT arrays have a high electrochemical accessible
surface area and combined with their high electronic con-
ductivity and useful mechanical properties, these materials
are attractive as electrodes for devices that use electro-
chemical double layer charge injection (Fan et al. 2006).
Therefore, they are used for energy storage, e.g. for fuel
cells that power electric vehicles or laptop computers (Yu
et al. 2000). They can be applied as field emission electron
sources, for flat panel displays, lamps and gas discharge
tubes providing surge protection and as X-ray and micro-
wave generators (Fan et al. 2006).

Nieto-Marquez et al. (2008) revealed that CNTs possess
fascinating physical and chemical properties with
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electronic behaviour varying from metallic to semicon-
ducting depending on their structural composition, chirality
and diameter. It is still a challenge to precisely control
these parameters in the growth process of the CNTs and
hence it is also not easy to control the properties or the
reactivity of the CNT outer wall (Tao et al. 2007). The
CNT surfaces are usually chemically modified by acid or
oxidation treatment, which considerably reduces the
chemical and electronic performance of the tubes due to
the introduction of a large number of defects.

CNTs are attractive supports in heterogeneous catalytic
processes owing to their ability to be easily tailored to meet
specific needs. They are employed as supports due to their
high surface area, resistance to acidic/basic media, stability
at high temperatures, and the possibility of controlling both
their porous structure and the chemical surface nature (Dai
et al. 1996; Ebbesen et al. 1996; Gao et al. 2006). CNTs
have been studied as supports for many metal catalysts
(Liang et al. 2005; Bahome et al. 2007). Nanotubes are
special because they have small dimensions, smooth sur-
face topology, and perfect surface specificity. CNTs are
known to enhance the catalytic performance such that the
activity of a catalyst becomes higher than that encountered
with traditional catalyst supports in both gas phase and
liquid phase reactions (Collins and Avouris 2000).

N-CNTs

The doping of CNTs with heteroatoms offers a practical
path to tailor both the physical and chemical properties of
the CNTs by creating new states that modify their elec-
tronic structure (Panchakarla et al. 2010; Saha and Kundu
2010; Cruz-Silva et al. 2008). Boron and nitrogen are
among the most effective dopants because of their small
atomic size similar to that of the carbon atom. They thus
have a reasonable probability of entering a nanotube lattice
(Iijima 1991; Villalpando-Paez et al. 2006; Sumpter et al.
2007; Ghosh et al. 2008a; Koods et al. 2009). In particular,
the substitutional doping of nitrogen has received attention
because significant changes in hardness, electrical con-
ductivity, and chemical reactivity of CNTs have been
theoretically predicted and experimentally observed in the
doped carbon (Maldonado et al. 2006). Additional lone
pairs of electrons on N atoms with respect to the deloca-
lised m-system of a graphite-like hexagonal framework can
enhance the electronic properties of the carbon material
(Ghosh et al. 2010; Ajayan 1999; Matter et al. 2000).
N-CNTs are found to be exclusively metallic conductors or
to have a narrow energy gap, thus increasing their storage
capacity and offering the possibility of greater electrical
conductivity as compared with undoped CNTs (Chizari
et al. 2010; Ghosh et al. 2010; Treacy et al. 1996;
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Fig. 1 Representative TEM micrographs of N-CNTs with a bamboo-
like structure along the tube axis

Baughman et al. 2002). In most cases, CNTs doped with N
exhibit a bamboo-like structure with regularly arranged
compartments (refer to Fig. 1).

Nitrogen atoms entering the graphene sheets as substit-
uents for carbon could also modify the adsorption strength
of the nanotube towards foreign elements quite signifi-
cantly, which in turn, greatly modify the overall catalytic
activity as well as selectivity of a catalyst (Amadou et al.
2008). Generally, nitrogen is incorporated into the CNT
lattice during CNT growth. The possible bonding config-
urations for N in graphitic networks are shown in Fig. 2.
The three most common bonding configurations are
(a) pyridine-like sp>—hybridized sixfold ring arrangement,
(b) pyrrole-like sp>—hybridized fivefold ring arrangement,
(c) substitutional sp>—hybridized sixfold ring arrange-
ment, and (d) oxidised pyridinic (Burch 2006; Van
Dommele et al. 2008).

N-CNTs are promising activated carbons that demon-
strate enhanced chemical reactivity for electron transfer
processes (Baughman et al. 2002). Although many studies
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Fig. 2 Types of nitrogen species found in N-CNTs. a pyridinic,

b pyrrolic, ¢ quaternary and d oxidised pyridinic. (Van Dommele
et al. 2008)

have evaluated the structure-composition-property rela-
tionships of these N-doped carbons, the influence of
nitrogen doping has not been fully established (Baughman
et al. 2002).

Synthesis of N-CNTs

In this section we review the methods used to make
N-CNTs. The doping of a carbon nanostructured with N
can be divided into two types: (1) doping directly during
the synthesis of carbon nanostructured materials, which can
be called “in situ” doping and (2) post-treatment of CNTs
with nitrogen-containing precursors such as N,, NHj, etc.,
i.e., post doping. The ‘in situ’ doping method is the most
common method used to make N-CNTs (Shao et al. 2008).
Incorporation of foreign atoms into CNTs was first per-
formed by Stephan and co-workers (Stephan et al. 1994)
who doped CNTs with boron and nitrogen using an arc
discharge technique. The arc discharge, chemical vapour
deposition (CVD) and laser ablation methods have been
employed for the synthesis of CNT and these methods are
also suitable for the synthesis of N-CNTs. These tech-
niques produce N-CNTs with regular internal bamboo
cavities (refer to Fig. 1) whose growth mechanism is dif-
ficult to understand. A recently proposed growth model is
depicted in Fig. 3. During synthesis, CNx material is
generated and deposited on the metal catalyst particle
where they react exothermically. Diffusion of CNx species
through the metal catalyst particle is accountable for CNT
growth and encapsulation of N, results from the decom-
position of unstable reactive intermediates. The compart-
ments are caused by the different precipitation rates of
different CNx species. When precipitation is slow, and
there is a lack of material to maintain inner CNT growth,
layers will suddenly close (Burch 2006).

Most methods produce CNTs with by-products such as
amorphous carbon that necessitate additional purification
steps (Nieto-Marquez et al. 2008; Matlhoko et al. 2009).
The disadvantages of the arc discharge and laser ablation
processes are (1) these processes are not very well con-
trolled, nor are they continuous; (2) the removal of impu-
rities with simple, cheap purification methods is difficult;
(3) it is also difficult to grow well-aligned nanotubes as
they require the use of expensive instrumentation. The
CVD method is the most commercially viable technique
used to make N-CNTs. CVD method have advantage of
high yields and the controllable growth conditions (Li et al.
2008)thus reveal that scalability is not a problem. How-
ever, a drawback of the CVD process is the production of
poor-quality CNTs that contain defects. This happens
because the structures are created at much lower temper-
atures of 600°-1,000°C compared with arc and laser
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Fig. 3 Proposed growth

mechanism for N-CNTs (Reyes-
Reyes et al. 2004)
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techniques, where the temperatures of the plasmas are
greater than 2,000°C. It is likely that the defects are
annealed at high temperatures during the growth process
(Dresselhaus et al. 2001).

Based on numerous trial-and-error studies published in
the literature, there is a clear agreement that the successful
introduction of nitrogen atoms within the walls of CNTs
depends on the choices of precursor, catalyst, reaction time
and temperature, pressure and carrier gas flow rate (Koos
et al. 2009; Yadav et al. 2009). Various studies indicate
that ammonia is an effective nitrogen source for the syn-
thesis of N-CNTs. Liu et al. (2005) synthesised vertically
aligned N-CNTs while studying the effect of ammonia on
the nitrogen content of N-CNTs. These nanotubes were
synthesised from the pyrolysis of pyridine and ferrocene as
carbon source and catalyst source, respectively. The N was
shown to substitute C in the carbon lattice in both pyridinic
and graphitic forms. Chun et al. (2009) have also shown
that ammonia is an effective N-source for the preparation
of N-CNTs achieved by the catalytic decomposition of
methane and ammonia over Fe-Mo catalysts. Large
amounts of tangled carbon filaments with a length of more
than tens of micrometers were obtained. Periodically
closed N-CNTs with a nitrogen content up to 7% were
synthesised by Amadou and co-workers (Amadou et al.
2008) using a mixture of C,He¢/H, and NH; over an alu-
mina supported Fe catalyst.

When NHj is used as a N-source, it requires the co-
addition of a carbon precursor, and the process was found
to be difficult to control (Ghosh et al. 2008b). To overcome
this difficulty of using ammonia, precursors containing
both carbon and nitrogen have been used. Ghosh et al.
(Ghosh et al. 2008a) obtained highly aligned bamboo-
shaped CNTs by the -catalytic pyrolysis of mono-
ethanolomine/ferrocene mixtures over the temperature
range 700°-900°C by a CVD method. During the
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deposition, monoethanolomine decomposed to form
ammonia, which is very effective for the growth of
N-CNTs. MWCNTs containing nitrogen have also been
grown by an aerosol CVD using ferrocene/benzylamine
solutions. Scanning tunnelling microscopy measurements
showed that the local density of states of nanotubes is
asymmetrical, with a higher density of states above the
Fermi level. Approximately 9.7 wt% nitrogen was deter-
mined by energy dispersive spectroscopy (Osvath et al.
2009). Nxumalo et al. (2010) studied the effect of varying
the N-source concentration on the production of N-CNTs
by a floating catalyst CVD method using a ferrocene/ani-
line/toluene solution. A ferrocene/aniline catalyst of 15
wt% produced N-CNTs with a small amount of by-prod-
ucts. It was also revealed that the diameters of the tubes can
be controlled by varying the N-source concentration. Well-
aligned as-grown N-CNT bundles having lengths of about
430 pm were reported. In another study a spray pyrolysis
process using a ferrocene/acetonitrile solution was used.
X-ray photo-electron spectroscopy studies revealed that the
N content was indirectly proportional to the growth tem-
perature, and TEM analysis showed that the bamboo
compartment distance increased with an increase in growth
temperature (Yadav et al. 2009).

Albeit numerous articles have been published on the
synthesis of N-CNTs, it is very difficult to compare the
results obtained since different experimental conditions
have been reported by the various authors.

Metal/N-CNT catalysts preparation

The primary aim in the preparation of a supported catalyst
is to have a high surface area of a reduced metal deposited
on a high surface area material. The nitrogen atom has an
extra electron compared with carbon, and from an
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Fig. 4 TEM tomography. a,

b Arrow showing the metal
particles, ¢ 3D image showing
the localization of the Pd
particles on the outer surface of
the N-CNT support

electronic point of view, therefore the surface of the tubes
is expected to be more electronegative (Ayala et al. 2010).
This results in N-CNTs possessing high surface nucleation
sites, which allow the anchorage and high dispersion of the
metal active phase on the support surface. In order to get
more insight about the exact localization of the metal
particles with respect to the N-CNT cavity, Chizari et al.
(2010) used TEM tomography to study a Pd/N-CNT cat-
alyst as presented in Fig. 4. According to the results, the
palladium particles were exclusively restricted on the outer
surface of the N-CNT which provides a highly effective
metal surface contact for the reactants.

Molecular dynamics simulations were used to investi-
gate the effect of ruthenium on the stability of N doped
MWCNTs. Figure 5a depicts a model of nitrogen doped
(substitutionally) on the CNT network. The system has
been hydrogen-terminated to account for dangling bonds.
Ruthenium was placed 2.048 A (stable configuration)
above the CNT surface and after simulations ruthenium
was seen to be repelled from the surface to 4,044 and
3.147 A for pristine CNT (Fig. 5b) and N-CNT (Fig. 5c),
respectively. The configuration, Fig. 5S¢ was comparably
found to be the most stable. The results show that the
nitrogen atoms act as donor-like atoms and not directly as
binding sites for the deposited metal active phase.

Currently, very few studies have been performed with
N-CNTs as a support in catalysis as shown in Table 1. In
order to use the N-CNTs effectively as a support for cat-
alyst metal nanoparticles, they must be well dispersed on

the support surface (Fig. 6). Supported metal catalysts are
prepared by reducing a metal oxide and binding it onto a
support material (Chakrabarty 1990). The dispersion of
metal particles on CNTs by chemical means is based on
conventional catalyst procedures such as by metal vapori-
sation or chemical reduction deposition from the solution
phase (Chen et al. 2004). However, certain requirements
are not always fulfilled when these methods are used.
Below are some of the challenges experienced during
catalyst preparation:

e particle mean size is not well controlled;

e wide particle size distribution of metals on CNTs;
particles are agglomerated and not uniformly dispersed
(Zheng et al. 2002);

e cost issues associated with up-scaling.

The synthesis processes can also be time consuming
since they include multiple steps such as long ageing,
drying, and calcination of the samples. Hence, there is an
interest in using alternative techniques such as microwave
heating to achieve synthesis control.

Application of metal/N-CNTs in electro catalysis

Few applications of the use of N-CNTs as a support in fuel
cells have been reported. Currently, the degradation of an
electro-catalyst and its support are recognised as key con-
tributors to the long-term degradation of fuel cells (Chen

bislase cllod aao .
KACST &1l roglel) @ Springer



72

Appl Nanosci (2011) 1:67-77

Fig. 5 Molecular Dynamics
simulation studies of the
physisorption of ruthenium
a stable configuration before
simulation b pristine CNT

¢ N-CNT support

c

Nitrogen

H atoms
Table 1 Applications of N-CNTs
Metal N (%) Loading (%) Reaction application References
Pd 1-5.5 Cinnamaldehyde hydrogenation Chizari et al. (2010)
Pd 4 10 Cinnamaldehyde hydrogenation Amadou et al. (2008)
Pt 1.5-8.4 30 PEM fuel cells Chen et al. (2009)
Ru 0.1-1.9 0.8 Ammonia decomposition Chen et al. (2010a, b, ¢)
Ru 4 2 Ammonia decomposition Garcia-Garcia et al. (2010)
Pt-Ru Unknown 40 Methanol oxidation Jiang et al. (2010)
Pt-Ru 4 9 Methanol oxidation Chetty et al. (2009)
Pt 0-16.7 Methanol oxidation Maiyalagan (2008)
Pt Unknown Methanol oxidation Du et al. (2008)
Pt Unknown 23 Ethanol oxidation Zhu et al. (2010)
Pt Unknown 0.11 PEM fuel cells Saha et al. (2009)
A 8.4 - ORR Li et al. (2011)
a 2.5-3.8 - ORR Chen et al. (2010a, b, c)
a 2.7-29 - ORR Chen et al. (2010a, b, ¢)
a 2.9-6.0 - ORR Nagaiah et al. (2010)
a 4-6 - ORR Gong et al. (2009)
a 1.4-7.7 - ORR Geng et al. (2010)

a no metal used

et al. 2009). Another major limitation to the commercial-
ization of fuel cells is the high costs of their components. A
study of catalysts for the oxygen reduction reaction (ORR)
using nitrogen-containing carbon has propelled the use of
N-CNT supported catalysts in fuel cells. N-CNTs have
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shown to be a highly active catalyst for the ORR in a
proton exchange membrane (PEM) fuel cell environment.
The conductivity of this material was slightly less than, but
still comparable to materials used in fuel-cells (Matter et al.
2007). In addition, Chen et al. (2009) evaluated the
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Fig. 6 HRTEM image of RuMWCNT composites

electrochemical activity of N-CNTs prepared with different
catalysts using a rotating ring disc electrode (RRDE) vol-
tammeter. The outcomes showed that the nitrogen content
of N-CNTs is crucial for ORR. A high degree of N-CNT
surface defects was observed, and it enhanced ORR
activity by exposing more edge plane nitrogen groups such
as pyridinic and pyrollic nitrogen, which could take part in
the ORR through the lone pair electrons. In another study,
the N-CNTs were used as a cathode material for the ORR
in alkaline medium. Furthermore, the material proved to be
more active as compared with commercially available Pt/C
catalysts. The improved electrocatalytic activity showed
two important features: a significant shift of the oxygen
reduction and an increase in the oxygen reduction current,
which is likely related to a higher average number of
electrons transferred per oxygen molecule (Nagaiah et al.
2010). Similar results were obtained by Geng et al. (2010).
The onset potential and current density of N-CNTs with
nitrogen content of 7.7 wt% electrocatalyst reported in this
work is equal to a platinum-based catalyst with a loading of
1.94 g of platinum per cm? at the electrochemical window
tested in alkaline solution, showing that the N-CNTs have
the potential to replace the costly Pt/C catalyst in alkaline
fuel cells.

Lin et al. (2009) also investigated the effects of nitrogen
incorporation into CNT structures on their electrochemical
(EC) properties. Studies were carried out by correlating the
nitrogen content of CNTs with EC performance. The
results showed that nitrogen incorporation provided a
simple pathway to modifying the electronic bonding
structure. N-CNTs with optimal 3.5% N promoted a

substitutional graphite-like defect structure, which is
favourable for fast ET in electrochemistry. Albeit that there
is a lack of a proposed mechanism for the ORR that
includes a non-metallic active site, several studies have
suggested how nitrogen can improve the ability of carbon
to reduce oxygen. It is proposed that this is due to the
ability of nitrogen to donate electrons to O, (Matter et al.
2006). N-CNTs also appear to produce a better electrode
than Pt—C/glassy carbon (GC) since there is a substantial
enhanced steady state diffusion current (~0.8 mA) for
N-CNTs/GC with respect to Pt—C/GC electrodes (Fig. 7).
Furthermore, N-CNT electrodes show stronger diffusion-
limited currents and lower over potentials when compared
with their nitrogen-free counterparts (Gong et al. 2009).

Studies have related the importance of the nitrogen
heteroatom in N-CNTs to their electrocatalytic activities
for the ORR/fuel cells (Gong et al. 2009). Given that
nitrogen has an effect on the surface chemical activity and
creates surface properties such as polarity, basicity, and
heterogeneity, N-CNTs as catalyst supports are likely to
increase the durability of the resultant catalyst (Chetty et al.
2009). Chen et al. (2009) have shown that N-CNTs as
support have advantages over pristine CNTs in Pt (plati-
num) catalytic activity. In their study, the electrochemical
surface area (ESA) was used to characterise a proton
exchange membrane fuel cell (PEMFC) catalyst. The
degradation of the five catalysts is plotted in Fig. 8.

The durability of Pt/C was found to be much lower than
that of Pt/CNTs. After 4,000 cycles, only 4.6% of the initial
ESA of Pt/C remained while 11.2% of the initial ESA for
Pt/CNTs was observed. It is also clear that Pt/N-CNTs have
a higher stability than Pt/CNTs. Not only did the ESA

—
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Fig. 7 CVs for the ORR at the Pt—-C/GC (top) and N-CNT/GC
(bottom) electrodes before (solid black curves) and after (dotted
curves) a continuous potentiodynamic swept for ~ 100,000 cycles in
an air saturated 0.1 M KOH solution at room temperature. Scan rate,
100 mV s~'. The wavelike bands over —1.0 to —0.5 V seen for the
pristine Pt—C/GC electrode are attributable to hydrogen adsorption/
desorption (Gong et al. 2009)
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Fig. 8 Cyclic voltammograms comparing the degradation of the five
catalysts. Scan rate: 50 mV/s. CNy refers to N-CNTs

increase, but accelerated durability tests and TEM results
indicated that the stability of the Pt catalyst was increased
by doping with N. Similar studies were done by Saha and
co-workers (Saha et al. 2009). They revealed that the Pt/N-
CNT electrodes exhibited a greater electrochemical surface
than the Pt/CNT electrodes as well as higher single-cell
performance in a H,O, fuel cell. In another study, Pt
catalysts were loaded on three different supports: graphite,
CNTs, and N-CNTs. In order to see the effect that incor-
porated nitrogen would have, the catalytic activity was
evaluated by increasing the amount of nitrogen in the
CNTs from 0 to 16.7%. The catalytic activity for methanol
oxidation increased with an increase of the nitrogen content
up to 10.5%. As shown in Table 2 the activity of an
electrode with 10.5% nitrogen was higher than that
obtained from the other N-CNTs, CNTs, and commercial
Pt/C electrodes. The increasing order of stability of the
various electrodes is Pt < Pt/Vulcan (E-TEK) < Pt/
CNT < PUN-CNT' < PUN-CNT* < PUN-CNT’. It was
also found that the metal particle distributions on the
N-CNT support as well as the metal-support interactions
are important parameters contributing to the activity of the

Table 2 Electro-catalytic activity of methanol oxidation on various
electrodes (Maiyalagan 2008)

Electro-catalyst Nitrogen Activity
content (%) Ip (mA/cmz)

Pt - 0.076
GC/E-TEK 20% Pt/C-Nafion - 13
GC/CNT-Pt-Nafion 0.0 12.4
GC/N-CNT'-Pt-Nafion 6.63 16.2
GC/N-CNT’-Pt—Nafion 10.5 214
GC/N-CNT>-Pt—Nafion 16.7 18.6
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catalyst. Thus, the higher activity of the Pt/N-CNT" elec-
trode with 10.5% nitrogen content may be attributed to the
small particle size, higher dispersion of platinum and the
nature of the CNT supports (Maiyalagan 2008).

Another advantage of N-CNTs as support for fuel cell
application was illustrated by the study of PtRu nanopar-
ticles dispersed on N-CNTs (Chetty et al. 2009). The
obtained catalyst was used to investigate the catalytic
activity for the oxidation of methanol and compared with
oxidised CNT and a commercial catalyst support. The
cyclic voltammograms (refer to Fig. 9.) were recorded for
the oxidation of methanol (1 mol dm™) at a scan rate of
50 mV s~' for PtRu/N-CNT, PtRu/O-CNT, PtRu/C
E-TEK, and PtRu/Vulcan catalysts. An improvement in the
activity was observed for the PtRu catalyst supported on
the N-CNT support and was confirmed by the lower onset
potential and significantly higher oxidation current [curve
(1)] in the forward sweep. The oxidation peak observed in
the reverse scan at around 0.4 V is associated with the
oxidation of adsorbed intermediate species in the forward
scan. The onset potential for PtRu/N-CNT was 0.21 V,
while that for PtRu/O-CNT was 0.33 V. In principle, with
respect to the methanol electrooxidation mechanism, the
onset potential is related to the breaking of C—H bonds and
the subsequent removal of the CO,q4, like intermediates by
oxidation with OH,4 species supplied by Ru-OH sites. In
the CO stripping study, PtRu supported on the N-CNTs
showed the lowest onset potential confirming the easier
oxidation and removal of the CO,4 intermediates, which is
reflected by the significantly higher methanol oxidation
current.
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Fig. 9 Linear sweep voltammograms at 1 mV s~ scan rate for the
oxidation of 1 mol dm™ methanol in 0.5 mol dm > H,SO,4 at room
temperature. Inset showing the chronoamperometric response
recorded at 400 mV (vs. SCE). i PtRu/N-CNT, ii PtRu/O-CNT, iii
E-TEK PtRu/C and iv PtRu/Vulcan catalysts (Chetty et al. 2009)
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Application of Metal/N-CNTs in heterogeneous
catalysis

This high surface reactivity of N-CNTs is not only used in
the electrocatalytic reactions but can also be used in other
catalytic reactions. Ru catalysts were tested in the catalytic
ammonia decomposition reaction. N-CNTs and conven-
tional CNTs prepared under the same conditions were used
as support for Ru. The activity of Ru improved signifi-
cantly when supported on N-CNTs; the differences in the
activity could not be accredited to the Ru particle size
effect since the Ru particle sizes were similar in both cases
(Garcia-Garcia et al. 2010). Chen et al. (2009) and Garcia-
Garcia et al. (2010) also demonstrated that the decompo-
sition reaction of ammonia was enhanced by the Ru
catalyst on the N-CNTs. It was concluded that the catalytic
activity of a Ru-based catalyst depends on the electron
transfer ability and the dispersion of Ru nanoparticles.
Recently, N-CNTs were used as a catalyst support for
palladium in the liquid-phase hydrogenation of cinnamal-
dehyde. Palladium active phase supported on the N-CNTs
showed C=C bond hydrogenation activity and selectivity
higher than that found for the undoped CNTs. The specific
areas of the two supports were similar (183 and 176 m?/g,
respectively) (Amadou et al. 2008). This is in agreement
with the findings by Chen et al. (2009) that showed that the
activity depends on the dispersion of the metal catalyst.
The high dispersion of metal on the N-CNTs is attributed to
the electronic interactions with the sp® hybridized nitrogen
with an unbonded electron pair, being able to complex the
empty orbital of the metal ion as a ligand (Chizari et al.
2010). The electrocatalytic activity for ethanol oxidation,
which has never been done before, was also investigated
using Pt-NCNTs as catalyst. The report shows that Pt-
NCNTs catalyst displayed a higher electrocatalytic activity
than Pt-deposited on undoped CNTs (Zhu et al. 2010).

Conclusion

This article summarised the current literature on the use of
N-CNTs as metal support. Currently there are few appli-
cations related to the use of N-CNTs as a catalyst support
with fuel cell applications being significantly studied
compared with other applications. N-CNTs are still in the
early stages of development, but they have already posi-
tioned themselves as exceptional nanomaterials due to their
surface and properties. In order for the N-CNTs to dem-
onstrate their ability to act as nanoparticle supports,
appropriate metal addition methods for nanoparticles must
be exploited. The application of N-CNT metal catalyst is
expected to expand in future.
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