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ABSTRACT Many reactions involve metals, especially noble metals or metal
oxides as catalysts. Although metal-based catalysts have been playing a major role
in various industrial processes, they still suffer from multiple competitive dis-
advantages, including their high cost, susceptibility to gas poisoning, and detri-
mental effects on the environment. Owing to their wide availability, environmental
acceptability, corrosion resistance, and unique surface properties, certain carbon
nanomaterials have recently been demonstrated to be promising metal-free
alternatives for low-cost catalytic processes. This perspective highlights recent
progresses in the development of carbon-based metal-free catalysts.

surface active sites necessary for adsorption of the

reactants, bond-breaking and bond-formation, and
desorption of the products. Additionally, an excellent structur-
al stability is also essential to ensure that the catalytic activity
is effective and efficient over a long period. Metals and metal
oxides are undoubtedly the most widely used catalysts in
many industrialized catalytic processes. Pt, Au, and Ru are a
few examples of the noble metal catalysts used in fuel cells to
accelerate the oxygen reduction reaction (ORR) at the
cathode,' ~* while many hydrogenation and dehydrogenation
reactions involve metal oxides as catalysts.”® However, these
metal-based catalysts often suffer from multiple competitive
disadvantages, including their high cost, low selectivity, poor
durability, and detrimental environmental effects caused by
catalyst residues and/or undesirable side-products.” There-
fore, it is highly desirable to develop inexpensive, metal-free
catalysts of high performance.

Owing to their wide availability, environmental acceptability,
corrosion resistance, and unique surface properties, carbon
nanomaterials are ideal candidates for metal-free catalysts.
While activated carbon and glassy carbon (GC) have been long
used as catalysts for certain chemical and electrochemical
processes,®” the recent availability of carbon nanomaterials of
various peculiar molecular structures and optoelectronic proper-
ties, including fullerenes, carbon nanotubes (CNTs), nanodia-
monds, and graphene sheets, offer new opportunities for the
development of advanced carbon-based catalysts with much
improved catalytic performance.”'°~"? The introduction of sur-
face heteroatoms (e.g., nitrogen) into these carbon nanomater-
ials could further cause electron modulation to provide desirable
electronic structures for many catalytic processes of practical
significance.” Consequently, considerable effort has recently
been directed toward the development of metal-free carbon
nanomaterials for various catalytic processes, involving either

G enerally speaking, a working catalyst must possess
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Scheme 1. ODH of (1) Ethylbenzene and (2) Alkanes (a) and ORR
in Alkaline (b) and Acidic (c) Media
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oxidation or reduction reactions.”'” This perspective high-
lights recent progresses in the development of carbon-based
metal-free catalysts with an emphasis on the use of CNTs for
oxidative dehydrogenation (ODH) of aromatic hydrocarbons
and alkanes as well as ORRs, particularly in alkaline medium
(Scheme 1).

Metal-Free Carbon Catalysts for ODH of Aromatic Hydrocar-
bons and Alkanes. Conventional heterogeneous catalysts often
contain many active sites with a low free energy for chemisorp-
tions, which also act as a matrix for a relatively small
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Figure 1. (a) Comparison of styrene yield from dehydrogenation reactions catalyzed by nanocarbons and metal catalysts (adapted from
refs 17,18,20,22, and 23). (b) Performance of various MWCNTs for ODH of butane under oxygen-rich conditions: 0.18 g, 0.67 % butane, O,/

butane =2, 15 mL min_ ', 400 °C (adapted from ref 26).

number of high-energy reactive sites for converting the
adsorbed molecules into products via bond rearrangements.'*
For nanostructured carbon materials (e.g., CNTs, graphene
sheets), the weak adsorption sites are normally associated
with their basal planes consisting of the hexagonal arrange-
ment of carbon atoms, while the high energy sites appear
at the edges often saturated with hydrogen heteroa-
toms. The edge hydrogen atoms can be replaced by
other heteroatoms, for example, oxygen and/or nitrogen
atoms, to provide strong chemical reactivities for redox or
acid—base reactions. Along with its use as a support for pure
and heterogeneous metal catalysis,'® carbon has also
been demonstrated to show interesting catalytic activities
toward, for example, the ODH of saturated hydrocar-
bons.'®~?! In particular, a variety of nanostructured carbons,
such as CNTs,'” carbon nanofibers (CNFs),'®'? carbon
onions,?® and nanodiamonds,”' have been found to effi-
ciently catalyze the ODH reaction of ethylbenzene to styrene
(Scheme 1a). As an important monomer for polystyrene
and its derivatives, styrene has normally been produced by
the direct dehydrogenation of ethylbenzene in the temp-
erature range 560—650 °C using iron oxide catalysts of a
low energy efficiency.” Compared with the traditional
metal oxide catalyst,zz'23 certain nanocarbons were demon-
strated to exhibit a comparable, or even better, catalytic per-
formance and long-term stability for the ODH reaction
(Figure 1a) within the optimal temperature range of 350—
550 °C.'7'8292% The large surface area of nanostructured
carbons, with and without functionalization, can provide
numerous active sites, and hence the excellent catalytic
activity, while the graphitic structure can tightly hold the
active moieties for an excellent thermal stability even
under an oxidative atmosphere. Although the presence
of oxygen-containing surface functional groups on the
nanocarbon catalysts has been shown to be responsible
for the catalytic ODH of ethylbenzene,*° the exact mecha-
nism for the dissociative adsorption of gas-phase oxygen
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molecules on carbon is still unknown and requires further
study.

Compared with the traditional me-
tal oxide catalyst, certain nanocar-
bons were demonstrated to exhibit
a comparable, or even better, cata-
lytic performance and long-term
stability for the ODH reaction.

On the other hand, the activation of alkanes to alkenes has
attracted considerable interest during the past decades. Despite
considerable effort devoted to this important energy-related
research field, the existing alkane activation process still suffers
from the limited selectivity for alkene. Recently, Zhang et al.*®
have demonstrated that simple oxidation of multiwalled CNTs
(MWCNTs) by HNO5 increased the alkene yield from 1.6% to
6.7 % (Figure 1b). Subsequent passivation of MWCNT defects
with phosphorus oxide further increased the alkene yield up to
13.8% with a comparable selectivity to the widely used V—
Mg—O catalytic system.*® Similar catalytic activity enhance-
ment was also observed with both the phosphorus- and boron-
modified MWCNTs (P- and B-MWCNTs, respectively) for the
ODH of propane to propene.®*”® In this case, however, the
propene selectivity for either P-MWCNTs or B-MWCNTS is still
lower than that of metal oxide catalysts due to the relatively long
product retention time caused by strong interactions of propene
molecules with the carbon catalyst surface. In addition, Meyer
et al.,%? found that the selective adsorption of nitro-substituted
aromatics onto oxidized CNTs, fullerene, and even graphite
could accelerate the rate of hydrolysis of 4-nitrophenyl acetate

DOI: 10.1021/jz100533t | J. Phys. Chem. Lett. 2010, 1,2165-2173
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on carbon surfaces. MWCNTSs have recently been shown to also
catalyze the ODH of dihydroanthracene to anthracene under
mild reaction conditions,”® while ordered mesoporous carbons
(OMCs) were reported to act as promising catalysts for hydrogen
production via methane decomposition.”’ However, further
study on the reaction kinetics and mechanisms is still needed.

Metal-Free N-Doped Carbon Catalysts for ORR. N-doping of
CNTs has been studied for some years with attempts to
modulate the nanotube electronic and other properties by
introducing  nitrogen heteroatoms into the nanotube
structure.”>>> N-doped carbon nanostructures can be prepared
either by in situ doping during the nanocarbon synthesis or
through post-treatment (i.e., postdoping) of preformed carbon
nanostructures with  nitrogen-containing precursors (e.g.,
NH5).”*~® Postdoping of carbon nanomaterials often leads to
surface functionalization only without altering their bulk proper-
ties.”> % In contrast, the in situ doping can incorporate nitrogen
atoms into the entire carbon nanomaterials homogeneously.
Examples for N-doped carbon nanomaterials from in situ doping
include the high surface area porous carbons with a high nitrogen
content prepared by cyclotrimerization reactions of carbonitriles
under isothermal conditions,”” and N-doped CNTs or CNFs syn-
thesized by arc-discharge, laser ablation, or chemical vapor
deposition (CVD)**~* in the presence of appropriate nitrogen-
containing precursors. Carbon nanomaterials of ordered struc-
tures™*~*° can facilitate electron conduction and mass transport.
Ordered N-doped CNTs or CNFs have been developed by sub-
strate-assisted growth,*” ~>' with and without template, for vari-
ous catalytic applications,”** including their use as metal-free
catalysts for ORR at the cathode in fuel cells.**>*

Instead of burning fuel to create heat, fuel cells convert
chemical energy directly into electricity.”®> By pumping, for
example, hydrogen gas onto the anode, hydrogen is split into
its constituent electrons and protons. While the protons diffuse
through the cell toward the cathode, the electrons flow out of the
anode to provide electrical power. Electrons and protons both
end up at the cathode to combine with oxygen to form water.
While the very facile H, oxidation kinetics greatly reduces the
amount of platinum catalyst at the anode, the slow ORR on the
platinum cathode, either through a four-electron process or a
less efficient two-step two-electron pathway (Scheme 1b,c),> is
a key step to limit the energy conversion efficiency of a fuel cell.
Although platinum nanoparticles have long been regarded as
the best catalyst for the ORR, the Pt-based electrode suffers
from its susceptibility to time-dependent drift and CO deactiva-
tion.®® Furthermore, the high cost of the platinum catalysts,
together with its limited reserves in nature, has been shown to
be the major “showstopper” to mass market fuel cells for com-
mercial applications. This is why the large-scale practical appli-
cation of fuel cells has not been realized, although alkaline fuel
cells with platinum as an ORR electrocatalyst were developed
for the Apollo lunar mission in the 1960s.°° The large-scale
practical application of fuel cells will be difficult to realize if the
expensive platinum-based electrocatalysts for ORR cannot be
replaced by other efficient, low cost, and stable electrodes.

Recent intensive research efforts in reducing/replacing ex-
pensive platinum-based electrode in fuel cells have led to the
development of some new ORR electrocatalysts from certain Pt-
based alloys,”” transition metal chalcogenides,® carbon-nano-

W ©2010 American Chemical Society

PERSPECTIVE

pubs.acs.org/JPCL

tube-supported metal particles,”~®' enzymatic electrocatalytic

systems,®* and even conducting poly(3,4-ethylenedioxythio-
phene) (PEDOT)-coated membranes.®> Apart from their use
as the noble-metal-catalyst supports,®*® aligned CNTs formed
by high-temperature treatment of certain metal heterocycle
molecules (e.g., ferrocene/NHs) have been recently demon-
strated to show some ORR electrocatalytic activities.*® The ob-
served electrocatalytic activity was attributed to the presence of
FeN,—C and/or FeN,—C active sites in the nanotube structure.*°
In addition to the use of N-doped carbon nanomaterials as the
catalyst support,”® N-doped CNF electrodes, prepared by a
floating catalyst CVD of a gas mixture containing ferrocene
and either xylene or pyridine, have been demonstrated to show
electrocatalytic activities for ORR via a two-step two-electron
pathway.®” The N-doped CNFs showed an over 100-fold in-
crease in catalytic activity for H,O, decomposition in both
neutral and alkaline conditions,”® albeit still less electroactive
than the platinum catalyst. Noble-metal-free ORR active cata-
lysts with significantly improved ORR performance compared
to the N-doped CNFs have also been prepared via high-tem-
perature pyrolysis of either acetonitrile over alumina and metal-
doped alumina®®®>"® or Co—Fe—N chelate complex.”"”* The
observed ORR activities were attributed to the presence of the
Fe—N4/N, active sites bound to carbon support and/or the
exposed edge plane defects coupled with nitrogen doping to
influence the adsorption of reactive intermediates.®” Although
N-doping has greatly improved ORR activity, these noble-metal-
free catalysts still exhibited poorer, or at the best comparable,
ORR performance with respect to Pt catalysts.

Along with the recent intensive research efforts in reducing
or replacing Pt-based electrode in fuel cells, Gong et al.”
recently found that vertically aligned nitrogen-containing CNTs
(VA-NCNTs, Figure 2) could act as extremely effective metal-
free ORR electrocatalysts. The metal-free VA-NCNTs were
shown to catalyze a four-electron ORR process (Scheme 1b)
free from CO “poisoning” with a much higher electrocatalytic
activity and better long-term operation stability than that of
commercially available Pt-based electrodes in alkaline electro-
lytes (Figure 2).”> The high surface area, good electrical and
mechanical properties, and superb thermal stability of aligned
CNTs provide additional benefits for the nanotube electrode to
be used in fuel cells under both ambient and harsh conditions
(e.g., for high-temperature use).

The metal-free VA-NCNTs were
shown to catalyze a four-electron
ORR process free from CO “poi-
soning” with a much higher elec-
trocatalytic activity and better long-
term operation stability than that of
commercially available Pt-based
electrodes in alkaline electrolytes.
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Figure 2. (a) SEM image of the as-synthesized VA-NCNTs on a quartz
substrate (scale bars, 2 um). (b) Digital photograph of the VA-NCNT
array after having been transferred onto a polystyrene-nonaligned
CNT conductive nanocomposite film. (c) Rotating ring-disk electrode
(RRDE) voltammograms for oxygen reduction in air saturated 0.1 M
KOH at the Pt—C (curve 1), VA-CCNT (curve 2), and VA-NCNT (curve 3)
electrodes. (d) Cyclic voltammograms (CVs) for the ORR at the Pt—C
(top) and VA-NCNT (bottom) electrodes before (solid curves) and after
(dotted curves) a continuous potentiodynamic sweep for about
100000 cycles in air-saturated 0.1 M KOH at room temperature (25
+ 1 °C). Scan rates: 100 mV s~ '. (e) The CO-poison effect on the i—t
chronoamperometric response for the Pt—C (black curve) and VA-
NCNT (red line) electrodes. 55 mL/min CO gas was first added into the
550 mL/min O, flow, and then the mixture gas of ~9% CO (vlv) was
introduced into the electrochemical cell at about 1700 s. (f) Calculated
charge density distribution for the NCNT5. (g) Schematic representa-
tions of possible adsorption modes of an oxygen molecule at the
CCNTs (top) and NCNTs (bottom) (adapted from ref 73).

On the basis of the experimental observations and quan-
tum mechanics calculations by B3LYP hybrid density func-
tional theory, Gong et al.”” attributed the improved catalytic
performance to the electron-accepting ability of the nitrogen
atoms, which creates net positive charge on adjacent carbon
atoms in the nanotube carbon plane of VA-NCNTs (Figure 2f)
to readily attract electrons from the anode for facilitating the
ORR. The nitrogen-induced charge delocalization could also
change the chemisorption mode of O, from the usual end-on
adsorption (Pauling model) at the nitrogren-free CNT (CCNT)
surface (top, Figure 2g) to a side-on adsorption (Yeager
model) onto the NCNT electrodes (bottom, Figure 2g). The
N-induced charge-transfer from adjacent carbon atoms could
lower the ORR potential, while the parallel diatomic adsorp-
tion could effectively weaken the O—O bonding, facilitating
ORR at the VA-NCNT electrodes.””> Uncovering this new
ORR mechanism in the nitrogen-doped CNT electrodes is
significant as the same principle could be applied to the
development of various other metal-free efficient ORR

v (© 2010 American Chemical Society
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Figure 3. (a) A digital photo image of a transparent N-graphene film
floating on water after removal of the nickel layer by dissolving in an
aqueous acid solution. (b) Atomic force microscopy (AFM) image of
the N-graphene film; (c) RRDE voltammograms for the ORR in air-
saturated 0.1 M KOH at the C-graphene electrode (red line), Pt—C
electrode (green line), and N-graphene electrode (blue line). Electrode
rotating rate: 1000 rpm. Scan rate: 0.01 V/s. (d) Current density ( j) vs
time (£) chronoamperometric responses obtained at the Pt—C (circle
line) and N-graphene (square line) electrodes at 0.4 V in air-saturated
0.1 M KOH. The arrow indicates the addition of 2% (w/w) methanol
into the air-saturated electrochemical cell. (e) j vs t chronoampero-
metric response of Pt—C (circle line) and N-graphene (square line)
electrodes to CO. The arrow indicates the addition of 10% (v/v) CO into
air saturated 0.1 M KOH at 0.4 V; j, defines the initial current. (f) Cyclic
voltammograms of the N-graphene electrode in air-saturated 0.1 M
KOH before (circle line) and after (square line) a continuous poten-
tiodynamic sweep for 200 000 cycles at room temperature. Scan rate:
0.1 VIs (adapted from ref 78).

catalysts for fuel cell applications. Recent research activities
carried out in many laboratories, including our own, have not
only confirmed the above findings but also further proved that
the important role of nitrogen-doping has a large impact on
the design/development of new catalytic materials for fuel cell
applications and even beyond fuel cells.”*~%*

As a building block for CNTs, graphene is an attractive
candidate for potential uses in many areas where the CNTs
have been exploited. Superior to CNTs, the one-atom-thick
graphene sheets with a two-dimensional (2D) planar geometry
should further facilitate electron transport, and hence the
more effective electrode materials. Indeed, N-doped graphene
(N-graphene) films (Figure 3) produced by CVD in the presence
of ammonia have recently been demonstrated to show a superb
ORR performance similar to that of VA-NCNTs with the same
nitrogen content in alkaline medium (Figure 3).”® The ease with
which graphene materials and their N-doped derivatives can be
produced by various low-cost large-scale methods, including
CVD,?’ chemical reduction of graphite oxide,®* exfoliation of

DOI: 10.1021/jz100533t | J. Phys. Chem. Lett. 2010, 1,2165-2173
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graphite,*> microwave plasma reaction,*® and atmospheric

pressure graphitization of silicon carbide,®” suggests consider-
able room for cost-effective preparation of metal-free efficient
graphene-based catalysts for oxygen reduction.

More recently, Ozaki et al.®' reported ORR activity in 0.5 M
H,SO, from the shell-like nanocarbons produced by carboni-
zation of furan resin in the presence of acetylacetonates and
metal phthalocyanines. These authors found that the high
ORR activity did not result from metal species on the surface,
which had been removed by acid washing.

As the CVD processes for producing the VA-NCNTs and
N-graphene films used in the aforementioned work involve
metal catalysts (e.g., Fe, Ni),”>"”® considerable care has been
taken during the electrode preparation to completely remove
the catalyst residue. In particular, the VA-NCNT electrode was
purified by electrochemical oxidation in a phosphate-buffered
solution (pH 6.8) at a potential of 1.7 V (vs Ag/AgCl) for 300 s at
room temperature (25 °C), followed by potential sweeping from
0.0to 1.4 Vin 0.5 M H,SO, until a stable voltammogram free
from any Fe redox signal was obtained. X-ray photoelectron
spectroscopic (XPS) measurements on the electrochemically
purified VA-NCNTs confirmed the removal of residual iron cata-
lyst particles.”” In view of the detection limitation intrinsically
associated with the electrochemical and XPS measurements,
however, possible effects of metal contaminates on the ob-
served superb ORR performance could still be a matter of con-
troversy unless nitrogen-doped carbon materials with excellent
ORR electrocatalytic activities can be produced by a metal-free
preparation procedure. In this regard, it is important to note that
Liu et al.”” reported an ORR electrocatalytic performance better
than platinum for nitrogen-doped ordered mesoporous graphi-
tic arrays (NOMGAs) prepared by a metal-free nanocasting
technology using a nitrogen-containing aromatic dyestuff, N,
N'-bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic
diimide (PDI) as the carbon precursor (Figure 4a). Owing to the
metal-free preparation procedure, the reported electrocatalytic
activity can be attributed exclusively to the incorporation of
nitrogen in PDI-NOMGAs (Figure 4).”” Metal-free N-doped
MWCNTs or OMCs have also been produced through carboniza-
tion of an MWCNT-supported polyaniline (PANI) coating”” or via
NH; activation.®® These metal-free N-doped nanocarbons have
also been demonstrated to exhibit high ORR activities even in
acidic electrolytes.

As discussed above, most recent studies on the N-doped
carbon nanostructures focused on the ORR reaction in alka-
line electrolytes, although fuel cells that operate with acidic
electrolytes, particularly the polymer electrolyte fuel cell
(PEMFC), could have a more significant economic impact.
Recently, Kundu et al.”® found that NCNTs prepared by
pyrolysis of acetonitrile could show a considerably higher
and more stable ORR activity in 0.5 M H,SO,4 compared with
their undoped counterparts. They pointed out that the incor-
poration of nitrogen functional groups within the carbon
structure improved the oxidative stability of the NCNTs under
ORR conditions even in the acidic medium. More recently,
Wang et al.® demonstrated that nitrogen-doped OMCs via
NHj5 activation can also act as alternative metal-free catalysts
with a high ORR activity and better stability than Pt-based
electrocatalysts in 0.05 M H,SO,4. However, the catalytic

W ©2010 American Chemical Society
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Figure 4. Preparation of NOMGAs as metal-free catalysts for the
ORR. (b) RDE voltammograms of the series of PDI-NOGMAs and
Pt—C supported on GC electrodes at a rotation rate of 1600 rpm.
(c) Electrochemical activity given as the Kkinetic-limiting current
density (Jk) at 0.35 V for the PDI-NOGMAs supported on GC
electrodes in comparison with that of a commercial Pt—C elec-
trode (adapted from ref 77).

performance of these reported N-doped carbon nanomater-
ials in acidic medium still needs to be further improved to
meet the requirement for practical applications.

Since nitrogen plays an essential role in the active sites for
the nanocarbon ORR catalysts and at least three different forms
(i.e., pyrrolic, pyridinic, and graphitic) of the surface nitrogen
atoms have been observed, it is important to understand the
influence of the nitrogen content and its chemical nature on the
ORR performance. Using ethylenediamine (EDA-NCNT) and
pyridine as different precursors, Chen et al.”® produced NCNTs
with varying nitrogen contents through a single-step CVD pro-
cess. These authors found that NCNTs with higher nitrogen
content and more defects exhibited better ORR performance in
acidic electrolytes.”® On the other hand, Kundu et al.”® prepared
NCNTSs via pyrolysis of acetonitrile over cobalt catalysts at differ-
ent temperatures. The NCNTs prepared at 550 °C was found to
possess a higher amount of pyridinic groups and a higher ORR
electrocatalytic activity than its counterpart prepared at 750 °C.
However, recent studies suggest that more graphitic nitrogen
atoms rather than the pyridinic ones are important for the
ORR.””®® Therefore, the exact catalytic role for each of the
nitrogen forms in nanocarbon ORR catalysts is still a matter of
controversy.”>~’® In addition, it is a challenge to determine the
exact locations of nitrogen atoms in the nanocarbon structures,
chemical nature of the catalytic sites, and electrochemical
kinetics of the N-doped nanocarbon electrodes. A combined
experimental and theoretical approach would be essential.
Computer simulation and calculation have proved to be a

DOI: 10.1021/jz100533t | J. Phys. Chem. Lett. 2010, 1,2165-2173
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powerful technique in searching novel electrocatalysts and
studying the basic science behind the electrocatalysis. Thus,
theoretical calculations should be employed in studying the
N-doped nanocarbon catalysts.

In summary, metals and metal oxides have been widely
used as catalysts in various industrial processes. To address
multiple competitive disadvantages associated with metal-
based catalysts, such as the high cost, susceptibility to gas
poisoning, and detrimental effects on the environment, recent
research has demonstrated that certain nanostructured car-
bon materials could be used to replace metal-based catalysts
for high-performance and low-cost catalytic processes. The
performance of the metal-free carbon-based catalysts can be
further optimized by doping/functionalizing with appropriate
herteroatoms (e.g., N, O, P). Certain nanocarbons (e.g., CNTs
with and without activation by HNO5 or phosphorus oxide)
have already been demonstrated to exhibit a comparable or
even better catalytic performance than metal oxides (e.g., iron
oxide, V—Mg—O0) for the ODH of ethylbenzene (propane) to
styrene (propene). More recently, N-doping of carbon nano-
materials (e.g., nanotube, graphene, graphite) have been
shown to be a promising approach to the development of
metal-free, carbon-based catalysts with even a much higher
electrocatalytic activity and better long-term operation stabi-
lity than that of commercially available platinum-based elec-
trodes for oxygen reduction in fuel cells. These recent pro-
gresses proved to have a large impact on not only the com-
mercialization of the fuel cell technology but also many other
catalytic processes beyond fuel cells, and their repercussions
are continuing. However, further study on the catalytic mecha-
nism and kinetics is still needed in order to design and develop
carbon-based catalysts with a desirable activity and durability,
and the performance evaluation of these nanocarbon catalysts
in actual fuel cells should be performed. For industrial applica-
tions, it is also essential to develop simple and cost-efficient
methods for the large-scale production of carbon nanomater-
ials with a well-defined structure and surface chemistry.
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