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Nitrogen-doped porous carbon materials:
promising catalysts or catalyst supports for
heterogeneous hydrogenation and oxidation
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Developing novel and efficient catalysts is a critical step in common heterogeneous hydrogenation and ox-

idation reactions. Despite the frequent study of metal oxide-supported catalysts, porous carbon materials

have also emerged as valuable potential catalysts. However, due to their highly microporous structures and

inferior structural functionalities, traditional activated carbons (ACs) have become increasingly less popular

for industrial applications. To deal with the disadvantages of ACs, tremendous efforts have been made to

develop novel nitrogen-doped porous carbon (NPC) materials with novel features such as highly porous

structures and abundant structural nitrogen heteroatom decoration. As catalysts or catalysts supports, NPC

materials have shown superior activities in many applications covering a wide range of heterogeneous hy-

drogenation and oxidation reactions. In this contribution, we review the fabrication methods for NPC ma-

terials used in heterogeneous hydrogenations and oxidations and highlight the intrinsic catalytic mecha-

nisms along with the catalyst design strategies.

1. Introduction

As early as 1836, Berzelius introduced the term “catalysis.”
Catalysts possess special powers to influence the affinity of
chemical substances. Since then, catalysts have been involved
in a large number of societal developments. Among various
catalysts, heterogeneous catalysts that are not soluble in the
reaction mixture possess the inherent advantage of easy sepa-
ration and better handling properties, thus showing promis-
ing industrial value. It is no exaggeration to say that heteroge-
neous catalysts have been involved in almost all large-scale
productions of inorganic and organic chemicals, crude oil re-
finement, environmental protection, and energy conversion.1,2

From this point of view, beyond the simple chemical transfor-
mation of chemicals, we can envision that heterogeneous cat-
alysts may hold the key to the creation of a cleaner and more
sustainable world.

The frequently employed reaction types in the industrial
manufacturing of chemicals cover many selective hydrogena-
tion and oxidation reactions, which are particularly necessary
in the activation of a wide range of raw materials to produce
useful products or intermediates.1 Hydrogenation is a com-
mon process to reduce organic compounds such as phenol,3,4

and oxidation is another important process to functionalize
substrates (e.g., the industrial oxidation of propene to arolein).5

However, some traditional hydrogenations employing simple
metal oxide catalysts usually require high temperatures and
high H2 pressures, and oxidation reactions use stoichiometric
oxidants such as dichromate, permanganate and toxic oxides,
which are rather harmful to the environment.6–8 Therefore,
with the increased focus on environmental protection and
energy conservation, the pursuit of greener chemical transforma-
tion strategies via the invention of active and powerful heteroge-
neous catalysts has become a focus of scientific research.

Indeed, scientists have already devoted considerable effort
to the reformation of catalysts used in traditional industrial
hydrogenation and oxidation processes. For example, com-
mercial cyclohexanone production typically involves either
the oxidation of cyclohexane3,9,10 or the hydrogenation of
phenol in a “one-step” or “two-step” process,11,12 generating
undesirable byproducts that lower the product yield and com-
plicate the recovery/separation steps. Therefore, the one-step
and selective direct hydrogenation of phenol to cyclohexa-
none is preferable; a recent work accomplished this task by
employing a g-C3N4-supported Pd catalyst under atmospheric
pressure of hydrogen at room temperature.13 As for oxida-
tion, the change in the stoichiometric use of MnO2 for the
production of citral (a key intermediate for fragrances and vi-
tamins A and E) using Ag-supported catalysts, which is more
atom-efficient and environmentally friendly, was pursued by
BASF.14 These were the very limited endeavors in reforming
catalysts in industrial hydrogenation and oxidation reactions.
With respect to the catalysts in hydrogenation reactions, dif-
ferent metals such as noble metals Pd, Au, Ru, Pt and Ir and
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non-noble metals Fe, Ni, Co and Cu showed diverse catalytic
performances. The catalyst supports, including metal ox-
ides,15 zeolites,16 metal–organic frameworks (MOFs)17 and
carbons in different forms, have also witnessed great develop-
ment.18 As for oxidations, the heterogeneous catalysts in-
cluded many metal-free catalysts such as metal oxides,19 car-
bon nitride materials20 and carbons (e.g., CNTs and activated
carbons),18 and noble metal (e.g., Pd or Au)-supported cata-
lysts are currently booming.21–23 Since the early practice of
employing a nitrogen containing g-C3N4 support depositing
Pd nanoparticles (NPs) in heterogeneous hydrogenation,
which demonstrated the importance of the interaction of ni-
trogen heteroatom with Pd in promoting catalytic activity,13

nitrogen-doped porous carbon (NPC) materials have drawn
intensive attention in heterogeneous hydrogenations and oxi-
dations as catalysts or catalyst supports.24–33 Conventional
porous carbon materials such as activated carbon (AC) was
traditionally synthesized through pyrolysis and the physical
or chemical activation of raw materials such as coal, wood or
fruit shells at elevated temperatures.34,35 AC has long been
used as an excellent sorbent and support for NPs in catalytic
reactions36,37 due to its various valuable properties: high spe-
cific area, large pore volume, different available surface prop-
erties such as heteroatom doping and hydrophilicity, and low
cost. Thanks to a better understanding of the physico-
chemical properties of carbon as a catalyst support, the in-
dustrial use of AC as a catalyst support has been extended to
new areas such as environmental protection (e.g., volatile or-
ganic compound oxidation38), selective oxidation39 and hy-
drogenations.40 Despite its wide range of newly developed ap-
plications, AC still suffers from limitations arising from the
methods used in the production. The main drawbacks are as
follows: 1) the pores are restricted mainly to micropores with
a very narrow size distribution, which limits the mass trans-
fer of molecules in reactions; 2) the micropores (<2 nm)
largely restrict the full utilization of deposited NPs (usually
>2 nm), causing the NPs to disperse only on the carbon sur-
face and further aggregate and leach easily; 3) the architec-
ture and nano-dimensions of AC cannot be easily tuned for
specific catalytic uses; and 4) the surface functional groups
need to be further tailored for specific needs by secondary
functionalization to create, for example, N-containing groups.

To overcome the abovementioned limitations, nitrogen-
doped porous carbon materials have recently become a sub-
ject of particular interest to researchers. Because they have
witnessed enhanced performance in various applications,
such as serving as electrodes in metal-free oxygen reduction
reaction,41 supercapacitor test,42 and acting as metal-free cat-
alysts or catalyst supports in catalytic reactions.32,43 Gen-
erally, there are two ways to synthesize NPC: 1) the heat treat-
ment of undoped porous carbon materials under nitrogen-
containing atmosphere; and 2) the direct synthesis from
nitrogen-containing precursors or a mixture of carbon- and
nitrogen-containing precursors. Various fabrication tech-
niques has been reported: a) replication synthesis with pre-
synthesized hard templates such as mesoporous silica or

other ordered and disordered metal oxides through impreg-
nation, carbonization and template removal;44,45 b) metal
salt-assisted fabrication through the carbonization of a mix-
ture of carbon precursors and metal salt followed by water
washing;46–48 c) self-assembly using soft templates such as
P123 or F127 through condensation and carbonization;49–51

and d) direct synthesis such as Starbon materials synthesis
using a freeze-drying technique.52 Generally, nitrogen func-
tionalities provide basic properties, which can enhance the
interaction between carbon surfaces and reaction mole-
cules.40,53 Further, nitrogen doping was able to enhance the
hydrophilicity of NPC, which may greatly improve catalyst
dispersion in aqueous media and in turn contribute to a bet-
ter catalytic performance.43 Moreover, the spin density and
charge distribution of carbon atoms will be influenced by the
neighboring nitrogen dopants,32,54 which may create in-
creased defects and more active sites. On one hand, these
newly created defects (such as N-containing functional
groups) have enabled NPC materials to be desired catalysts in
the metal-free oxidation reactions.32,33,55,56 On the other
hand, the electronegativity introduced in the carbon structure
because of the doped nitrogen may stabilize deposited metal
with small size and narrow distribution and increase the
metal–carbon binding energy. This in turn enhances the cata-
lytic activity and reaction stability of the resulting NPC-
supported catalyst in heterogeneous catalytic reactions, espe-
cially in the oft-investigated heterogeneous hydrogenations
and oxidations.24,31,43 Therefore, in addition to N-CNTs57 and
N-graphene58 in the NPC family, new generations of NPC ma-
terials are also promising catalysts or catalyst supports be-
cause of their excellent properties, ease of handling and
large-scale production.

To date, nitrogen-doped carbon materials have already
been reviewed in some exciting papers,59–62 and reviews on
the synthesis, properties and applications of N-graphenes
and N-CNTs have been frequently reported.58,63,64 However,
their emphases were largely placed on the applications for
energy conversion and storage, with less space for catalytic
reactions, particularly catalytic hydrogenations and oxida-
tions. Notably, an excellent systematic review on the catalytic
uses of nanocarbon was recently provided by Su et al., who
forecast a bright future in catalysis using nanocarbon-based
materials.18 The introduction of nitrogen-doped porous car-
bon materials as catalysts or catalyst supports in heteroge-
neous hydrogenation and oxidation reactions has been a re-
search hot spot in recent years. However, until now, the
significant progress made in this area has not been specifi-
cally reviewed. Therefore, it is urgent to write a review to sys-
tematically introduce the various fabrication methods of
nitrogen-doped porous carbon materials and their endless
applications in heterogeneous hydrogenations and oxida-
tions. Thus, we would like to provide a review regarding the
catalytic oxidations and hydrogenations based on NPC mate-
rials and highlight the catalytic mechanisms along with cata-
lyst design strategies (e.g., developing NPC-based composite-
supported catalysts65 or bimetallic catalysts66) with the hope
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that more breakthroughs will be achieved in this direction
and boost the used of heterogeneous catalysis in sustainable
chemistry.

2. Fabrication of nitrogen-doped
porous carbons

The intrinsic drawbacks of activated carbons described above
largely restrict their industrial use. In the field of catalysis,
most activated carbons are used for the synthesis of Pd/AC
catalysts toward hydrogenation processes.18 This inspired
chemists to construct carbon materials with controlled poros-
ities and chemical functionalizations (e.g., decoration with
nitrogen heteroatoms), resulting in advanced catalytic activity
together with improved product selectivity.31,32,43,55,67In this
section, we discuss the various fabrication techniques for
generating NPC materials tested in catalytic reactions. More
specifically, emphasis will be placed on heterogeneous cataly-
sis (mainly hydrogenations and oxidations) related to the syn-
thesis of nitrogen-doped porous carbon as there have been
many excellent reviews on the synthesis of porous
carbons68–74 and nitrogen-doped carbons showing endless
prospects in electrochemical applications.59,60 To incorporate
nitrogen into NPC materials, two fabrication methods are
generally used: post treatment and direct synthesis. Particu-
larly, post treatment is done through reactions with nitrogen-
containing reagents (e.g., NH3 and amines), while direct syn-
thesis is typically completed by the direct carbonization of
nitrogen-rich carbon precursors or carbon precursors mixed
with nitrogen dopants. Fig. 1 shows the various nitrogen
functionalities that will be mentioned in this review.

2.1 Post-treatment synthesis

Constricted by the innately inferior characteristics of
undecorated carbon, it is highly desirable to functionalize

carbons in successive steps via reactions with nitrogen-
containing reagents to improve the catalytic performance.
Among the various reagents employed, NH3 is by far the most
frequently used to introduce nitrogen into porous
carbons.33,55,56,75–78 Considering the possibly similar func-
tions of NH3, a series of amines including urea, melamine,
dcyanodiamine, DMF, ethylenediamine, N2H4, NH3·H2O and
nitrates have also been used.24,40,79–93 Some other reagents
such as acetonitrile32 and different kinds of nitrogen-
containing organic ligands94,95 have also been studied.
Depending on the reagents and the treatment conditions, the
final physicochemical properties, pore structures and the
content and types of nitrogen functionalities may vary, possi-
bly resulting in significant changes in the electronic state of
the carbon surface and the deposited metal NPs and, finally,
the catalytic performance.

During high-temperature treatments, ammonia decom-
poses to free radicals such as NH2, NH, and atomic nitrogen
and hydrogen.96 These radicals can etch carbon fragments
leading to increased porosity. They can also replace oxygen-
containing species on the carbon to form surface groups
such as pyridinic, pyrrolic and quaternary nitrogen function-
alities. The promoting effect of nitrogen doping in the car-
bons originally encouraged researchers to increase the dop-
ing content; the gaseous-phase treatment of carbons in NH3

atmosphere with controlled reaction time and temperature
offers a good option to do so. In this way, the nitrogen con-
tent can easily reach up to ∼9 wt%,24 although most work
reported low values below 5 wt%.33,55,75,78,83,97 In some cases,
a higher content of nitrogen results in a higher activity.33 The
introduction of nitrogen heteroatoms is indeed helpful; how-
ever, it is not always beneficial to have a high nitrogen con-
tent, and a specific nitrogen functionality may play a critical
role.55,56,76,97 Wang and coworkers prepared three different
nitrogen-doped graphene nanosheets (NG) via the treatment
of GO in NH3 under different temperatures (800–1000 °C)
and tested them for the metal-free aerobic selective oxidation
of benzyl alcohols.97 The nitrogen content decreased with in-
creasing temperature. However, NG-900 demonstrated the
highest activity, and the active centers were found to be gra-
phitic sp2 nitrogen sites. Notably, in many reported works,
pyridinic and pyrrolic nitrogen species are dominant under
NH3 treatment, whereas minor species such as graphitic ni-
trogen may be more active in reactions.55,76,97

In addition to NH3, other kinds of amines are also widely
used. Among the various amines used, urea and melamine
seems to be the most frequently studied,24,40,53,80,82,83 partly
due to their low cost and ability to offer a relatively high ni-
trogen doping level up to ∼20 wt%. For example, Li's group
reported that the nitrogen content can reach 18.56 wt% by
treating AC with melamine at 600 °C (NAC-600), while only 7
wt% nitrogen was observed in NAC-800 (AC treated with mel-
amine at 800 °C).40 Similar to the gaseous phase
functionalization of carbons in NH3, Ma's group efficiently
doped nitrogen into a layered carbon framework through a
CVD process (1073 K) using an N2 stream saturated with

Fig. 1 The various types of nitrogen functionalities observed in the
NPC materials discussed in this review. The most frequently noted
types are pyridinic, pyrrolic and graphitic nitrogen groups. Others
include amine, cyano, lactam, triazine, pyrindic oxide and metal-
coordinated nitrogen groups.
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acetonitrile vapor as the nitrogen source.32 The content of ni-
trogen in the product could be adjusted by varying the expo-
sure time to the acetonitrile/N2 stream (from 30 min to 900
min), and the nitrogen content easily reached up to 8.9 wt%.
When applying the resulting nitrogen-doped catalysts (re-
ferred to as LCN) in the metal-free selective oxidation of eth-
ylbenzene, remarkably improved catalytic activity as well as a
greatly increased acetophenone selectivity were observed, and
the activity and yield of the targeted product appeared to be
more in line with the nitrogen content. In fact, the positive
relationship with total nitrogen content was coincident be-
cause detailed investigations demonstrated that the incorpo-
rated graphitic-type nitrogen is pivotal for the C–H bond acti-
vation reaction, in which the incorporated nitrogen atoms
are preferentially bound at graphitic sites in the carbon
framework under high-temperature annealing. The present
work may offer valuable guidance for the accurate control of
the graphitic-type nitrogen content of NPC materials for
targeted uses because the graphitic nitrogen content is corre-
lated with the amount of total nitrogen.

Inspired by the idea of preparing novel heterogeneous
nanostructured catalysts from defined homogeneous organo-
metallic complexes, the Beller group creatively converted
homogeneous cobalt complexes into heterogeneous cobalt ox-
ide catalysts via immobilization and pyrolysis on activated
carbon, creating a Co3O4–N/C catalyst that demonstrated su-
perior catalytic activity in the nitroarene hydrogenation.95

Various organic nitrogen ligands were initially selected to
finely coordinate with the Co and control the Co particle size,
but they also happened to act as nitrogen sources for
obtaining nitrogen-doped carbons. The structures of the ni-
trogen ligands played great roles in the resulting Co3O4–N/C
catalysts. The most active catalyst in the hydrogenation of
nitroarenes was observed by employing 1,10-phenanthroline
as the nitrogen ligand, and a wide range of substituted nitro-
arenes were tested. Later, the same group changed cobalt salt
to iron salt for the preparation of a nanoscaleiron oxide
supported on a nitrogen-doped carbon catalyst for the investi-
gation of nitroarene hydrogenation.27 This time, the authors
found that the coordinated nitrogen centers (FeNx) governed
the catalytic activity, while the sizes of the iron oxide particles
seemed to play a minor role. With the striking discovery of a
new active center (metal coordinated nitrogen) in heteroge-
neous catalysts based on Co (Fe) coordinated with nitrogen-
doped carbon, this catalysis system was further applied for a
wide range of catalytic reactions covering diverse compounds
such as selective hydrogenation, oxidation and oxidative de-
hydrogenation reactions.28,29,94,98–103

2.2 Direct synthesis

Compared with post-treatment methods, which require more
than two synthetic steps, direct synthesis offers a more con-
venient, one-step way to prepare targeted NPC materials. Typ-
ically, direct synthesis is completed in two ways: 1) direct car-
bonization of nitrogen-rich carbon precursors, where the

precursors are typically molecules containing cross-linkable
groups such as –CN and –NH2,32,104,105 nitrogen-rich
polymers,106–109 ionic liquids,43,110 and biomass deriva-
tives;26,43,111 2) direct carbonization of carbon precursors
mixed with nitrogen dopants, where added nitrogen co-
reagents including a series of amines such as NH3, mela-
mine, urea and aniline are also used in the post-treatment
method.30,104,112–124 Both of these strategies facilitate the in-
corporation of nitrogen functionalities throughout the entire
carbon structures in a more homogeneous way and thus con-
tribute to more stable nitrogen functionalities compared with
surface doping via post-synthetic methods. In summary, they
offer more stable and homogeneous properties that are criti-
cal for catalytic reactions. Hence, tremendous efforts have
been devoted to the selection of desired precursors (or co-re-
agents) assisted by a series of fabrication techniques (e.g.,
hard-template, soft-template, and template-free techniques)
for the one-step fabrication of NPC materials that are active
in catalytic reactions. Therefore, we would like to discuss the
direct fabrication of NPC materials based on the above fabri-
cation techniques.

2.2.1 Hard-template methods. The synthesis of meso-
porous carbon materials was first reported by Knox and co-
workers in the early 1980s using a spherical solid gel as the
hard template.44 Their approach, which is often used today
for the hard-template synthesis of mesoporous carbons, in-
cludes the following steps: a) preparation of silica gel with
controlled pore structure; b) impregnation/infiltration of the
silica template with monomer or polymer precursors; c) cross
linking and carbonization of organic precursors; and d) dis-
solution of the silica template. This method has the advan-
tages of finely controlling the pore structure of the final car-
bon materials by simply adjusting the morphology of the
silica template and has proven beneficial for the catalytic per-
formance due to improved mass transfer. Later, the groups of
Ryoo and coworkers introduced ordered mesoporous carbons
by employing ordered aluminum silica MCM-48 templates,45

further advancing the area of porous carbon for catalytic ap-
plications due to the faster mass transfer in large and uni-
form pores. These controlled synthetic methods thus
attracted intensive attention for the synthesis of nitrogen-
doped porous carbon with designed pore structures, demon-
strating excellent performance in various fields, particularly
in heterogeneous catalytic hydrogenations and oxidations.

The advantages of silica templates brought intensive in-
vestigations of fabricating NPC materials for heterogeneous
catalysis. An early work by Dai et al. employed spherical silica
as the hard template and the biomolecule dopamine as the
precursor to successfully generate spherical and uniform hol-
low carbons with apparent nanocapsules.111 Inspired by the
large cavities of these hollow carbons, this strategy was ap-
plied to fabricate a carbon-coated Au catalyst (Fig. 2), which
was used as a nanoreactor in the catalytic reduction of
4-nitrophenol. Although this work did not mention the func-
tion of nitrogen doping in the carbon skeleton, nitrogen
heteroatoms were indeed incorporated into the carbon
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skeletons.125 However, the use of large silica spheres as hard
templates for the preparation of hollow NPC-based heteroge-
neous catalysts was scarcely seen thereafter,125,126 partly due
to the difficulty in controlling the thickness of the carbon
shell. More importantly, the limited mesoporous channels
into the hollow cavity largely restricted the full use of the sur-
face, leading to inferior mass transfer and weak reactivity.

Considering that the hollow closed cavities of the pro-
duced NPC materials using large silica spheres as the tem-
plates are hardly accessible, the preparation of NPC with suf-
ficient and more accessible mesopores through silica
templating has received more attention, covering nitrogen-
rich carbon precursors26,43,110,127–130 and coreagents.119 For
example, Wang's group employed nitrogen-rich ionic liquids
(ILs) as the precursors and small colloidal silica nanospheres
(Ludox HS-40) as the sacrificial template to successfully gen-
erate NPC materials with nitrogen contents of up to 15 wt%.
These NPC materials functioned as a desirable support for
Pd NPs, demonstrating superior catalytic activity in phenol
and vanillin hydrogenations.43,110 These studies mainly
resulted in interconnected but disordered mesopores; thus,
scientists further devoted energies to designing ordered
pores, which are supposed to be more advantageous in catal-
ysis. The group of Ma used a self-assembly method by mixing
a nitrogen-containing IL (C16MIMBr) with TEOS in NaOH so-
lution followed by filtration, carbonization and acid etching;
an MCM-41-like ordered 2D hexagonal NPC material with bi-
modal mesopores (about 3.8 and 9.0 nm) was obtained.129

This one-step assembly strategy was more facile than their
later developed SBA-15 templated method for fabricating or-

dered nitrogen-doped dual mesoporous carbon,130 which was
frequently used to synthesize ordered carbon materials.131

Restricted by the high cost of ILs, biomass-derived nitrogen-
containing precursors, which are renewable and naturally
available, have recently caught the eyes of researchers. For ex-
ample, the hydrothermal treatment of chitosan-derived glu-
cosamine hydrochloride followed by high-temperature car-
bonization produced an NPC with a moderate nitrogen
content of ∼7 wt%; this NPC served as a support for Pd or al-
loy RuPd NPs, which demonstrated excellent performance in
the selective hydrogenation of benzoic acid and deriva-
tives.26,128 However, toxic H2F or NH4HF or NaOH is often
used to dissolve the silica in hard-template methods based
on silica, which poses additional threats to the environment.
The group of Schüth synthesized highly porous nitrogen-
doped carbons via the direct hydrothermal carbonization and
thermal treatment of lobster exoskeleton followed by etching
the CaCO3 template in acetic acid solution. This method was
milder and more sustainable.132

2.2.2 Metal salt-assisted methods. The recently developed
molten salt-assisted fabrication methods, which can also be
called “salt templating syntheses”, have been used to produce
porous carbons.46,47,133–135 Typically, a non-carbonizable in-
organic salt is mixed with a carbon precursor (such as glu-
cose or ionic liquids), which is condensed and scaffolded in
the presence of the molten salt at elevated temperatures.
The salt phase is easily removed by simple washing with wa-
ter, which results in highly porous carbons with the desired
structural and chemical functionalities.46,47 In contrast to
the hard-templating method, the employed salt template can
be readily recycled for another run. This method allows for
the easy fabrication of functionalized porous carbons, which
may show promise in heterogeneous catalytic hydrogena-
tions. Therefore, by choosing the proper nitrogen source,
NPC materials can be obtained. For example, NPC materials
with nitrogen contents of up to 11.9 wt% and high specific
areas of up to 1800 m2 g−1 can be readily obtained by simply
adding melamine as the nitrogen-containing source.134

These NPC materials were used as efficient metal-free cata-
lysts in the oxidation of a wide range of aryl alkanes in the
aqueous phase with tert-butyl hydroperoxide (TBHP) as the
oxidant.

Inspired by the fact that bread making involves the use of
a gas-producing reagent to produce porosity in the bread,
Wang's group used a gas-producing metal salt (KHCO3) to ob-
tain highly porous carbon structures after carbonization with
carbon precursors.48 Typically, the employed KHCO3 expands
and etches the carbon framework during high-temperature
carbonization, known as a “leavening” strategy. Well-
developed 3D hierarchically porous carbons (with SBET up to
1893 m2 g−1) consisting of macro-, meso- and micropores
from a wide range of biomass derivatives (xylose, glucose, su-
crose, cellulose, starch, and chitin) and even crude biomass
(such as straw and bamboo) were produced (Scheme 1). We
believed that this method could be applied to the synthesis
of 3D hierarchical NPC materials from inexpensive nitrogen-

Fig. 2 STEM images of Au@C yolk–shell nanocomposites: A), C) and
D) Z-contrast and B) bright-field images. Reproduced with permission
from ref. 111. Copyright© 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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containing crude biomass, where the NPC serving as a prom-
ising catalyst support can be expected.

2.2.3 Soft-template methods. As an alternative to the hard-
templating method, the soft-templating method successfully
avoids the toxic and corrosive chemicals frequently used in
hard-templating methods. Thus, the so-called soft template,
usually micelles of amphiphilic block-copolymers such as PS-
b-P4VP, F127 and P123, is more likely to be readily
decomposed to generate in situ pores during high-
temperature carbonization.49–51 As phenol and formaldehyde
were frequently selected as precursors for amphiphilic block
copolymer-based porous carbons,49–51 a few works were also
reported on the fabrication of F127- and phenol-based NPC
materials and their use in catalytic reactions.115,136 The fast
development of material science has thus further extend the
scope of soft templates beyond those traditional block-copoly-
mers, covering alternatives such as melamine or urea,114,120

poly(vinyl pyrrolidone108 and polyĲionic liquid)s.25,31,137 It is
also noteworthy that the traditional phenol- and
formaldehyde-based soft-templated NPC materials are highly
recommended to be replaced by more sustainable carbon
precursors with improved fabrication techniques.25,30

Lu and coworkers added 1,6-diaminohexane as a nitrogen
source into a solution of resorcinol, F127 and formaldehyde;
this compound could also help to better adsorb and stabilize
Pd. A Pd@NPC catalyst was successfully obtained and dem-
onstrated mild benzyl alcohol oxidation performance.115 A
modified phenol- and formaldehyde-based method was devel-
oped. Ordered NPC was prepared through an aqueous self-
assembly process with F127 as a soft template, 1,3,5-
trimethylbenzene as the morphological control agent, and
3-aminophenol as a carbon and nitrogen source. The material
exhibited excellent catalytic performance for the selective oxi-
dation of ethylbenzene.136 The Figueiredo group employed
resorcinol and formaldehyde (RF) as carbon precursors and
melamine or urea as the soft template. Through gelation and
high-temperature (500–900 °C) carbonization, a series of NPC
xerogels were obtained that showed improved catalytic abili-
ties in advanced oxidation processes.114,120 The melamine or
urea here may function both as a soft template and as a ni-
trogen source. However, the pores were largely restricted to
micropores due to the easy collapse of the cross-linked
framework resulting from the weak interaction of melamine
(urea) with RF. Discarding the use of phenol and formalde-

hyde to fabricate NPC materials, a recent electron spinning
method employed polyacrylonitrile (PAN) as carbon, nitrogen
source and poly(vinyl pyrrolidone) (PVP) as soft template was
developed. Through high-temperature carbonization, they
successfully created porous nitrogen-doped carbon fibers
(N@CFs).108 Here, PVP functions as a sacrificial template that
is responsible for the porosity; the pores are mostly consti-
tuted by a network of meso- and macropores. Although a low
specific area (20 m2 g−1) was observed, the material still
showed good activity towards the oxidation of H2S to S.

The increased focus on sustainable chemistry generates
the need for alternative synthetic methodologies such as pre-
cursor modification. Thus, carbohydrate-based carbon mate-
rials have attracted intensive attention.69,71,138 Nonetheless,
the serious aggregation and weak assembly ability of
carbohydrate-derived carbon materials commonly lead to the
formation of irregular bulk carbon spheres, which are
nonporous and have an unfavorably low surface area (<20
m2 g−1).139–141 Thus, efficient methods are required to induce
abundant pores in the final carbons, particularly NPC mate-
rials. As an interesting contribution towards this end, the
Wang group initially employed polyĲionic liquid)s (PILs) as
additives to improve the hydrothermal carbonization (HTC)
of carbohydrates (such as glucose and fructose) and prepare
NPC materials.25,31 These PILs played many different roles in
this process, that is, as stabilizer, pore-generating agent, and
nitrogen source. Thus, the aggregation of carbohydrate-
derived carbon domains in the carbonization was effectively
avoided, and NPC materials with an improved SBET of up to
572 m2 g−1 and a high nitrogen content of up to 4.8 wt% were
obtained.25 However, it is notable that the HTC products al-
ways require further high-temperature carbonization for
wider applications, thus complicating the fabrication process.
Therefore, soft template-based one-step fabrication methods
for the preparation of biomass-derived NPC materials are
highly preferable. Using melamine as a soft template, non-
noble metal (Co or Ni)-containing NPC materials were fabri-
cated via the carbonization a mixture of biomass-derived glu-
cosamine hydrochloride, non-noble metal salts and mela-
mine in a one-step carbonization process. The produced NPC
materials were directly employed as desired catalysts in the
hydrogenation and dehydrogenation reactions.30,142,143

2.2.4 Template-free methods. The direct transformation of
carbon precursors to porous NPC materials was developed as
an attractive alternative to traditional hard- or soft-template
methods. The difficulty lies in maintaining the preformed
pore structures of the precursors or the in situ formed porous
framework upon carbonization. However, it is not easy to ob-
tain highly porous NPC materials that are more advantageous
for catalytic applications. For example, nonporous nitrogen-
doped carbon nanospheres were prepared via the direct ther-
mal pyrolysis of aniline or nitrobenzene under 1223 K for 2
h. After the deposition of nickel NPs, the obtained catalysts
were tested in the gas phase hydrogenation of
butyronitrile.144 Apparent nickel sintering was observed,
partly because the non-porosity cannot effectively confine the

Scheme 1 Schematic diagram of the formation of Cx-LE: mixing the
biomass with the “leavening” agents followed by calcination under an
inert gas for the synthesis of Cx-LE. Reproduced with permission from
ref. 48. Copyright© 2015 The Royal Society of Chemistry.
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NPs despite the effect of the doped nitrogen. Using a hydro-
thermal carbonization method combined with a following
freeze-drying process, nitrogen-containing carbon precursor
poly(2-aminothiazole) was successfully transformed into a N,
S-codoped meso- and macroporous carbon. However, it is
more preferable to call it a carbonaceous polymer because of
the low carbonization temperature (180 °C), where it is suspi-
cious for porosity maintenance when sent to high-tempera-
ture carbonization.109 Therefore, the careful selection of car-
bon precursors and preferable condensation methods are
required for the direct synthesis NPC materials.

Recently, Li's group used porous cobalt containing MOFs
(ZIF-67) as the sacrificial precursor and successfully gener-
ated an NPC catalyst with embedded Co in a one-step pro-
cess; the catalyst was highly active for the oxidation of alco-
hols to esters in base-free conditions.106 Via the galvanic
replacement reaction between the Co and Pd2+ in solution,
Co@Pd core–shell nanoparticles embedded in the NPC
(Co@Pd/NC) were synthesized and showed superior catalytic
hydrogenation activity towards nitroarenes.107 However, the
high cost of MOFs goes does not agree with the principles of
green and sustainable chemistry. In this regard, the group of
Clark et al. pioneered a simple and environmentally friendly
methodology to obtain mesoporous Starbon materials from
starch through three main steps: 1) formation of gel by
heating starch in water; 2) exchange of water with a lower-
surface-tension solvent at low temperature (≈5 °C); and 3)
carbonization of the resulting as-prepared porous gels or the
gels after drying to achieve the final mesoporous carbons
(Scheme 2).52 This method avoids the use of templates and
can be performed at a temperature of choice (200–1000 °C),
producing a wide range of mesoporous carbons as excellent
catalysts or catalyst supports.145,146 The Starbon synthetic
method is thought to extend the carbon precursors beyond
“neutral” polysaccharides such as nitrogen-containing chito-
san and offers a simple production of NPC materials that can
be extensively utilized in catalytic hydrogenations and
oxidations.

3. Catalytic hydrogenations by NPC
based catalysts

In the use of nitrogen-containing carbon-supported Pd or Pt
NP catalysts in heterogeneous hydrogenations, the introduc-
tion of N-doping cannot only change the physicochemical
and electronic properties of the support, but can also serve
as basic or coordination sites to stabilize the small metal
NPs.13,147,148 Nitrogen-doped porous carbon materials have
been intensively studied as catalyst supports for various hy-
drogenations. In this section, the use of NPC-supported NPs
as the catalysts for a wide range of catalytic hydrogenation re-
actions including the hydrogenation of nitroarene, vanillin,
phenol, benzoic acid, unsaturated bonds such as CC,
CC, –CHO or CN and N-heterocycles is reviewed. Notably,
inexpensive metals (e.g., Fe, Co and Ni) have become the new
trend considering the high cost and scarcity of noble metals

(e.g., Pd, Pt and Au). Thus, we will introduce the various hy-
drogenation reactions mainly based on the kinds of metal
used. We stress NPC-based composite-supported catalysts
and bimetallic catalysts to give guidance to the design of
more active and multifunctional catalysts.

3.1 Noble metal-based hydrogenations

Aromatic amines are key building blocks and central interme-
diates for the chemical, pharmaceutical and agrochemical in-
dustries.149,150 Catalytic reduction of nitroarenes over noble
metal-based catalysts has been frequently studied.107,151–153

Therefore, increasing interest in the preparation of noble
metal-supported catalysts on NPC materials and their appli-
cations in the catalytic hydrogenation of functionalized nitro-
arenes has been seen. In this respect, the nitrogen-
containing biomolecule dopamine was tested as a carbon
source, and a nitrogen-doped hollow carbon was prepared
through hard-templating. This hollow carbon functioned as a
nanoreactor with encapsulated Au or Pd for nitroarene hydro-
genation in the presence of NaBH4 as the reductant.111,125

The encapsulated nanoparticles were rather stable without
aggregation after several cycles of recycling, which

Scheme 2 Production of mesoporous carbon by controllable
pyrolysisof expanded starch. (Magnified pictures of starch in flour and
mesoporous starch obtained from scanning electron microscopy (SEM)
and TEM for starbon). Reproduced with permission from ref. 52.
Copyright© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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highlighted the importance of nanoconfinement rather than
the effect of nitrogen doping. Later, the hydrothermal car-
bonization of polyĲ2-aminothiazole) produced a nitrogen- and
sulfur-co-doped porous carbon that was used to deposit Au
NPs. The resulting catalyst was tested for nitroarene hydroge-
nation in the presence of NaBH4 or H2 as the reductant.109

These works were just a test of the application of a novel sup-
port, and the actual effects of nitrogen were not noted. How-
ever, the intrinsic interaction between nitrogen and metal in-
deed matters significantly. The positive effect of nitrogen–
metal interaction on catalytic hydrogenation because was
elaborated in an early work by Wang and coworkers, who
employed a Pd@mpg-C3N4 catalyst in the hydrogenation of
phenol.13 The introduction of nitrogen atoms in the carbon
framework changes the electronic properties of the support
and provides coordination sites to stabilize the supported Pd
NPs, which in turn greatly increase the reactivity and stability
of the catalyst. For more works on metal NPs supported on
C3N4 in selective hydrogenations and oxidations, we suggest
that the reader refer to a recent published review by the
Wang group.154 Since then, the use of nitrogen-doped porous
carbon-supported metal catalysts in heterogeneous catalytic
reactions has attracted intensive attention, and great progress
was observed in recent years.

Using a post-treatment method with melamine as the ni-
trogen source, NPC materials (NAC-600, NAC-700, and NAC-
800) were obtained through the heat treatments of mixtures
of commercially available active carbon and melamine at the
corresponding temperatures. All the Pd@NAC-T samples
showed higher activity than Pd@AC, while Pd@NAC-800
demonstrated the highest catalytic activity in the hydrogena-
tion of nitroarenes in H2 atmosphere.40 This result was attrib-
uted to the fact that the N species stabilized the Pd NPs and
prevented their aggregation. At the same time, the N species
accelerated the hydrogenation reaction. Further investiga-
tions found that the increased content of pyridinic and
graphitic-type quaternary N in the NAC along with the in-
crease in pyrolysis temperature were responsible for the high
activity of Pd@NAC-800.40

Vanillin (4-hydroxy-3-methoxybenzaldehyde), a common
component of pyrolysis oil, can be effectively hydrogenated
into 2-methoxy-4-methylphenol, which is a potential future
biofuel.43 A pioneering work of vanillin hydrodeoxygenation
was performed by Resasco et al., who employed Pd@SWNT-
SiO2 as an active catalyst in a water/oil emulsion and demon-
strated enhanced catalytic performance.155 Taking vanillin
hydrodeoxygenation as a model reaction, Wang's group ini-
tially tested a nitrogen-doped porous carbon in the reaction
as a highly active support for Pd NPs (Pd@CN0.132).

43 Typi-
cally, the dicyanamide-containing ionic liquid 3-methyl-1-
butylpyridinedicyanamide was chosen as the NPC precursor,
and 12 nm SiO2 nanoparicles was the hard template. After
carbonization at 900 °C for 1 h followed by the removal of
the silica template, a nitrogen-doped porous carbon was
obtained. The as-obtained NPC holds a nitrogen content as
high as 12 wt%, resulting in the stable anchoring of highly

dispersed Pd NPs with an average size of 4.1 nm (Fig. 3).
When tested in the catalytic hydrodeoxygenation of vanillin,
a greatly enhanced activity towards the targeted product
2-methoxy-4-methylphenol was observed compared with the
Pd@SWNT-SiO2 catalyst under the same conditions (entries 1
and 2 in Table 1). It is notable that even better activity was
observed when green and environmentally friendly water was
used alone as the solvent (entry 3 in Table 1). All the tested
commercially available supported Pd catalysts showed infe-
rior activities compared to Pd@CN0.132 (entries 4–8 in
Table 1). The catalyst was reused several times without losing
activity and Pd leaching, which is promising for practical ap-
plications. The high catalytic performance was attributed to
the special structure of the catalytic N-doped carbon–metal
heterojunction, which leads not only to a very stable and uni-
form dispersion of Pd NPs, but also additional electronic acti-
vation of the metal NPs. Furthermore, the introduction of ni-
trogen in the carbon skeleton may greatly improve the
hydrophilicity of the catalyst. This may be another major fac-
tor in promoting the high performance. The idea that the in-
creased hydrophilicity of the catalyst could enhance its reac-
tion activity was further evidenced by many other
studies.156–158 Following this work, a palladium-based ternary
catalyst (Pd/TiO2@N–C) with two types of active sites was also
applied in the hydrodeoxygenation of vanillin.159 Notably,
naturally available formic acid was used as the hydrogen
source and was first decomposed at the Pd/TiO2 sites in Pd/
TiO2@N–C. Afterwards, the produced hydrogen was activated
by the Pd/N–C sites, achieving full hydrogenation of vanillin
into 2-methoxy-4-methylphenol as the sole product. The strat-
egy for catalyst design of combining individual catalytic
phases might open an alternative route for designing and de-
veloping catalysts for wide applications.

Fig. 3 HRTEM images showing A) and B) the distribution of the Pd
NPs; C) the lattice fringes of the exposed Pd NPs (inset shows the
corresponding FFT image); D) particle size distribution of deposited Pd
NPs of Pd@CN0.132. Reproduced with permission from ref. 43.
Copyright© 2012 American Chemical Society.
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NPC materials-supported Pd catalysts have also demon-
strated activities in phenol hydrogenation to cyclohexanone,
which is an important intermediate in the production of ny-
lon 6 and nylon 66 in the chemical industry.24,110 To investi-
gate the effect of nitrogen doping on the resulting catalysts
and their catalytic performance in phenol hydrogenation, Li
et al. employed NH3 or melamine as the nitrogen source to
dope nitrogen in commercially available ordered mesoporous
carbons. They achieved nitrogen loadings as high as 8.6 wt%
while preserving the mesoporous structure. The N-doped car-
bons were used as supports to immobilize small-sized Pd
NPs; the catalyst with ultrasmall (about 1.2 nm) Pd NPs gave
the best reaction activity and selectivity under mild condi-
tions.24 It was experimentally revealed that the doped nitro-
gen not only dispersed and stabilized the small-sized Pd NPs,
but also enhanced the catalytic hydrogenation activity and se-
lectivity through weak interaction with the phenol molecule,
which further confirmed the conclusion drawn by Wang's
group.13 A further work was reported by Wang and co-
workers, who employed eight kinds of N-containing ILs (four
pyridinium ILs and four imidazolium ILs) as the NPC precur-
sors. They obtained a series of NPC materials with bulk nitro-
gen doping contents ranging from 9.5 wt% to 14.81 wt%, and
the resulted NPC materials were deposited with Pd NPs to
produce a series of Pd supported catalysts. Then a detailed
investigation of the influence of the nitrogen heteroatom on
the catalytic performance in phenol hydrogenation over the
Pd supported catalysts was conducted.110 The results showed
that the percentage of Pd0 was a key factor in controlling the
catalytic performance. However, no clear conclusion about
the relationship between IL-derived carbon and catalytic ac-
tivity was suggested.

The search for a highly active Pd catalyst supported on
NPC has never stopped, and the careful fabrication of NPC
support is of essential importance. Recently, the Wang group

prepared a novel NPC with a nitrogen content of ∼7 wt% via
the hydrothermal treatment of glucosamine hydrochloride
followed by heat treatment.128 The produced supported Pd
catalyst (Pd@CN) demonstrated an enhanced activity com-
pared to Pd@CN0.132 (a highly active Pd catalyst supported
on an IL-derived NPC material in vanillin hydrogenation)43

and an activity nine-times higher than that of commercial
Pd@AC in the selective hydrogenation of benzoic acids (BA)
to cyclohexane carboxylic acid (an important organic interme-
diate for the synthesis of pharmaceuticals such as an
satrienin).160 However, this was only a demonstration of the
application of a novel NPC material in a new reaction, and
further investigation is required to determine the reasons for
the performance enhancement. There is no doubt that the in-
troduced nitrogen heteroatom in the carbon skeleton may be
the key point. The introduced nitrogen atom in the carbon
framework may help to improve the reaction performance in
the following ways: 1) the nitrogen sites may provide anchor-
ing sites for metal particles, leading to a good dispersion of
the catalyst;24,43 2) the electronegative property of the nitro-
gen sites may increase the electron density of the metal parti-
cle, thus keeping the metal in the metallic state during reac-
tions;110 and 3) the nitrogen sites may facilitate the
absorption of reactant.13,53

As a test of the possible advantages brought by the intro-
duction of nitrogen mentioned above, various kinds of NPC
materials were employed as supports for anchoring finely dis-
persed Pd or Pt NPs. These materials offered nice activities in
the selective hydrogenation of unsaturated bonds such as
CC,53,65,79,137,147 –CHO (ref. 148 and 161) and N-heterocy-
cles.162 Interestingly, another “disadvantageous” property was
found by the Nagashima group. They found that the NPC
support functions to be a heterogeneous poisoning agent in
(Z)-selective partial hydrogenation of internal alkynes and se-
lective hydrogenation of substituted nitroarenes with reduc-
ible functional groups, respectively.163,164 It is also notable
that NPC materials are recommended for hybridization with
other kinds of supports such as basic MgO to form a
CN@MgO nanocomposites (Fig. 4) due to the bifunctional
property obtained by combining the nitrogen functionalities,
hydrophilicity and stability of NPC with the basicity of
MgO.65 The resulting Pd/CN@MgO served as a bifunctional
catalyst with high catalytic activity towards the tandem aldol
condensation-hydrogenation reaction of furfural with acetone
in a one-pot reactor. However, this high activity was not com-
parable when a physical mixture of Pd@CN and Pd@MgO
catalysts was used. Therefore, the catalyst design strategy pro-
vides a new method for the construction of metal-supported
bi/multi-functional catalysts based on NPC materials for a
wide range of applications.

It is also notable that bimetallic metals supported on NPC
catalysts often produced performance enhancements.165–167

Although very limited works have been done,25,26intensive
studies on this topic can be expected. One example is bime-
tallic Au–Pd core–shell NPs trapped in an N-doped carbon
(Au–Pd@N-carbon) catalyst fabricated via a HTC-PILs strategy

Table 1 Catalytic results for different catalysts Reproduced with permis-
sion from ref. 43. Copyright© 2012 American Chemical Society

Entry Catalyst Solvent
Conv.
(%)

Selectivitya

(%)

B C

1b Pd@SWNT-SiO2 Water and
decalin

85 53 47

2c Pd@CN0.132 Water and
decalin

100 — 93

3 Pd@CN0.132 Water 100 — 100
4 Pd@C Water 98 26 74
5 Pd@TiO2 Water 98 79 21
6d Pd@MgO Water 28 32 —
7 Pd@CeO2 Water 88 86 14
8 Pd@γ-Al2O3 Water 95 31 69
9e Pd@CN0.132 Water 98 — 100

a B is the hydrogenation product, 4-hydroxymethyl-2-methoxyphenol,
and C is the hydrogenation/hydrogenolysis product, 2-methoxy-4-
methylphenol. b 1 : 1 (v/v) water/decalin; data taken from ref. 155.
c 1 : 1 (v/v) water/decalin. d Other byproducts were unidentified. e S/C
= 1000, H2 pressure 1.0 MPa, 150 °C, 6 h.
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by the Wang group. This catalyst was applied in heteroge-
neous hydrogenations.25 Interestingly, the originally designed
role of the PILs was to effectively stabilize the primary carbon
NPs formed by HTC; however, they were further successfully
coupled with PdCl2 and HAuCl4 as metal sources, with fruc-
tose serving both as carbon source and reducing agent, pro-
ducing novel porous Au–Pd@N-carbon nanohybrids (SBET up
to 255 m2 g−1). When used for the selective semi-
hydrogenation of phenylacetylene, the as-prepared Au–Pd@N-
carbon was more active than the single metal Pd@N-carbon,
whereas 2.1% Au@N-carbon was inactive. These results re-
vealed that the Au–Pd core–shell configuration had a positive
influence on catalytic activity. It is hypothesized that the Au
core may act as an electronic promoter for the Pd shell,
which is the origin for the higher activity of the Au–Pd@N-
carbon catalyst.25 In addition, this catalyst could be recycled
over 40 times without any apparent loss in activity (Fig. 5).

In another contribution by the Wang group, finely dis-
persed RuPd alloy NPs (average size = 3.6 nm) supported on
nitrogen-doped carbon (RuPd/CN)26 demonstrated much
greater activity than a Pd@CN catalyst in BA hydrogena-
tion.128 High-resolution scanning transmission electron
microscopy (STEM) analysis of the deposited NPs demon-
strated the formation of atomic-level RuPd alloy (Fig. 6). XPS
analysis revealed that the increased activity of RuPd/CN
comes from the modulated electronic status of both Ru and
Pd as a result of alloy formation; the Pd promoted the reduc-
tion of Run+ with increased Ru0/Run+ ratio, explaining the en-
hanced performance. Through first-principle studies of the

adsorption modes of BA, particularly the configuration of the
carboxyl group (Fig. 7), the reason for the superior selectivity
(>99%) towards benzene ring hydrogenation was revealed by
comparing the thermodynamics of hydrogenation and disso-
ciation of the carboxyl group. In water solvent, the COOH H
atom of BA, which chemisorbed on Ru and RuPd catalysts,
dissolves into water spontaneously, meaning that the COOH
group of BA is more likely to release an H atom than to re-
ceive one. Furthermore, the authors calculated the respective
thermodynamics of COOH dissociation and hydrogenation
on Pd, Ru and RuPd under vacuum. The positive COOH hy-
drogenation and dissociation energies for Pd implied that
COOH tends to maintain itself since the surface H atoms
from dissociated H2 molecules prefer to stay on the surface
rather than bind to COOH, and the dissociation of COOH is
thermodynamically unfavorable at low temperatures. When it

Fig. 4 (A) HRTEM image showing the uniform distribution of Pd NPs
with the particle size distribution of Pd NPs for ∼200 particles of the
Pd/CN@MgO nanocomposite (in the inset); (B) HRTEM image
displaying the crystal planes of the surface Pd NPs; (C) HRTEM image
clearly showing the amorphous morphology of the carbon coating
with a uniform distribution of Pd NPs (NPs); (D) an STEM HAADF image
of Pd/CN@MgO. Reproduced with permission from ref. 65. Copyright©
2014 The Royal Society of Chemistry.

Fig. 5 The reuse tests of 0.95% Au–1.1% Pd@N-carbon for
phenylacetylene hydrogenation. Reproduced with permission from ref.
25. Copyright© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 6 (A) HAADF-STEM image. (B) Pd–L and (C) Ru–L STEM-EDX maps
obtained from a group of RuPd NPs of RuPd/CN. (F) Reconstructed
overlay images of the maps shown in panels B and C: red, Pd; green,
Ru. (E) Compositional line profiles of Pd and Ru for the RuPd NPs
recorded along the arrow shown in the STEM image (D). Reproduced
with permission from ref. 26. Copyright© 2015 American Chemical
Society.
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comes to Ru and RuPd, positive COOH hydrogenation ener-
gies and negative dissociation energies were obtained, indi-
cating that H thermodynamically dissociates from COOH,
resulting in the binding of two O atoms to the catalyst sur-
face. The above results fully explain the thermodynamically
unfavorable hydrogenation of COOH.

3.2 Non-noble metal-based hydrogenations

Though excellent catalytic hydrogenation performance was
observed by employing noble metal catalysts, the high cost
and scarcity of noble metals inspired researchers to develop
inexpensive metal (e.g., Fe, Co, Ni) or metal-free catalysts as
alternatives, with relatively low activity being the obstacle.
Thus, Fe, Co and Ni in the metallic or oxidized forms were
supported on NPC materials and demonstrated activity in the
selective hydrogenations of nitroarenes27–30,95,98,127,168,169 and
nitriles.144 The use of metal-free NPC materials in the cata-
lytic reduction of 4-nitrophenol to 4-aminophenol seems more
exciting.168,170 Although the applications in hydrogenations
are limited to very narrow areas, the desire to expand their
uses to other catalytic applications studied in the noble
metal-catalyzed hydrogenation reactions remains.

Valverde and coworkers conducted a detailed investigation
into the impact of the nitrogen doping of carbon nano-
spheres on the nickel-catalyzed hydrogenation of butyro-
nitrile. This was a relatively early research work on inexpen-
sive metals supported on nitrogen-doped carbon in
heterogeneous hydrogenations, although the carbons were all
nonporous.144 The undoped and nitrogen-doped nanospheres
were prepared via the direct thermal pyrolysis of benzene, an-
iline or nitrobenzene at 1223 K for 2 h. After the deposition
of nickel NPs, the obtained catalysts were tested in the gas-
phase hydrogenation of butyronitrile. There were two inter-
esting conclusions regarding the influence of nitrogen: 1) the
introduced nitrogen, essentially in its quaternary form, led to
an electron-enriched carbon surface, promoting the mobility
of the metal and subsequent sintering; and 2) those larger
particles deposited on the essentially quaternary nitrogen-
doped surfaces delivered higher reaction rates by weakening
the adsorption strength of the –CN group, thus making it eas-
ier to hydrogenate. Of course, the conclusion that the nitro-
gen atom (essentially quaternary nitrogen) demonstrated to
be negative in stabilizing metal particles is in disagreement

with the widely accepted one that nitrogen helps stabilize de-
posited metal particles. This might be explained by the lack
of pores where the metal particles are accessible to the nitro-
gen functionalities. The controllable synthesis of a series of
NPC materials with adjustable nitrogen content or nitrogen
type without changing the carbon precursor may be more
reasonable.

Replacing the use of noble metals in the hydrogenation of
nitroarenes with inexpensive metals, particularly Fe or Co hy-
bridized with NPC, has witnessed a great breakthrough in
this area,27,30,95,98 and progress has also been made in devel-
oping Ni-based catalysts.127,168 Inspired by the idea of prepar-
ing novel heterogeneous nanostructured catalysts from de-
fined homogeneous organometallic complexes, the Beller
group prepared a variety of Co oxide-N/C catalysts from dif-
ferent cobalt precursors and nitrogen ligands by adsorbing a
solution of the respective cobalt complex onto commercially
available carbon (Vulcan XC72R) and subsequent pyrolysis
under inert conditions (Scheme 3).95 The various organic ni-
trogen ligands not only controlled the resulting cobalt parti-
cle size, but also acted as nitrogen sources for obtaining
nitrogen-doped carbon layers. The results showed that the
most active catalyst employed 1,10-phenanthroline (L1) as the
nitrogen ligand and possessed a wide dispersion and appar-
ent agglomeration of particles (with particles larger than 800
nm). However, the less-reactive catalyst using 2,2′:6′,2″-
terpyridine (L2) as the ligand had well-defined particles that
rarely exceeded 2–10 nm. With these strange observations,
the authors conducted XPS analysis of the catalysts. They
found that the N1s XPS spectra of the active catalyst showed
a new binding-energy peak at 399.0 eV, which can be attrib-
uted to a pyridine-type nitrogen bound to Co. Therefore, the
authors concluded that the high activity was attributed to co-
ordination of heterogeneous nitrogen with the formed Co3O4,
regardless of the size of the Co3O4 particles. The general
scope of the present active catalyst was demonstrated in the
reduction of more than 30 functionalized nitroarenes. It tol-
erates numerous other reducible functional groups and can
be reused several times without loss of activity. Later, the
same group changed cobalt salt to iron salt for the prepara-
tion of a Fe2O3–N/C catalyst for the same investigation of
nitroarene hydrogenation.27 This catalyst was demonstrated
to be less active than the Co-based one reported elsewhere.95

Fig. 7 Optimized adsorption modes of BA in water on (A) Pd, (B) Ru,
and (C) RuPd catalysts. Color code: dark green, Pd; light green, Ru;
gray, C; red, O; white, H. Reproduced with permission from ref. 26.
Copyright© 2015 American Chemical Society.

Scheme 3 Synthesis of an active cobalt oxide-nitrogen/carbon
catalyst by pyrolyzing a cobaltĲII) acetate-phenanthroline complex on
carbon. r.t. = room temperature. Reproduced with permission from
ref. 95. Copyright© 2013 Macmillan Publishers Limited.
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Although it showed inferior activity, by increasing the content
of Fe2O3–N/C (4.5 mol% Fe) and the reaction temperature
(120 °C), Fe2O3–N/C was able to selectively hydrogenate more
than 40 kinds of structurally diverse and functionalized nitro-
arenes to anilines, which are important feedstocks and key
intermediates for pharmaceuticals, agrochemicals and poly-
mers.29 This time, the authors demonstrated that particular
FeNx centers formed in a narrow range of pyrolysis tempera-
tures around 800 °C govern the unique catalytic activity,
while the size of the iron oxide particles seems to play a mi-
nor role.27 After replacing H2 with formic acid as the hydro-
gen donor, the Fe2O3–N/C catalyst also exhibited remarkable
activity for the activation of formic acid in the transfer hydro-
genation of nitroarenes to anilines with unique selectivity.98

Even though great progress in cobalt-catalyzed nitroarene
hydrogenation has been achieved by the Beller group, the
high cost of the added nitrogen ligand and the relatively
harsh reaction conditions (5 MPa H2) in their catalytic system
leaves the desire for more easily accessible Co catalysts that
can be handled in milder conditions. Furthermore, the trans-
formation of the Co species in the hydrogenation reactions
requires detailed investigation. As a response to this, an
earth-abundant CoOx@N-doped carbon nanotube catalyst
(denoted as CoOx@NCNTs) was fabricated via the efficient
thermal condensation of naturally available D-glucosamine
hydrochloride, melamine, and CoĲNO3)2·6H2O at 900 °C by
the Wang group. This catalyst exhibited excellent catalytic ac-
tivity and perfect chemoselectivity (>99%) for a wide range of
substituted nitroarenes (21 examples) under relatively mild
conditions (3 MPa H2).

30 The hybrids were characterized as
nitrogen-doped multiwalled carbon nanotubes with lengths
of several micrometers and thicknesses of 50–100 nm with
finely dispersed nanoparticles of a mean size of 12.9 nm (Fig.
8a–b). The NPs were either in the form of crystalline Co3O4

(Fig. 8c) or Co0 protected by nitrogen-doped graphene layers
(Fig. 8d). Although these catalysts exhibited high activity,
recycling experiments showed that Co leaching took place.
Co3O4 was readily converted to CoO, and CoO was also trans-
formed to Co0. These transformations led to a decrease in ac-
tivity after recycling. However, this phenomenon was not
mentioned in the previous work by the Beller group.95 The
unexpected stability of Co0 thus inspired the authors to inves-
tigate the catalyst in detail, and catalyst consisting of Co0 cov-
ered with nitrogen-doped graphene layers (denoted as
Co0@NCNTs) was easily obtained by the acid treatment of
CoOx@NCNTs. When applied to nitrobenzene hydrogenation,
this catalyst shows even better performance than
CoOx@NCNTs and can be recycled up to five times with in-
significant loss in activity, verifying the improved resistance
of Co0 against oxidation with the aid of nitrogen-doped
graphene layers. This interesting observation further encour-
aged the authors to carry out density functional theory calcu-
lations. The results indicated that the Co0 and N inthe hy-
brids can simultaneously tune the inert grapheme layer to be
active in H2 activation by lowering its dissociation energy,
suggesting that the cooperative effect between Co0 species
and nitrogen was responsible for the high activity. The syn-
thetic strategy provides a versatile platform to fabricate a se-
ries of functional non-noble metal@NPC hybrids, which also
showed good performance for diverse applications. For exam-
ple, by simply changing the cobalt precursor to Co(Ac)2·4H2O,
the resulting Co catalyst was shown to be highly active in the
selective hydrogenation of 2,3,5-trimethylbenzoquinone.143 By
decreasing the calcination temperature to 800 °C, a flake-like
CoOx@CN hybrid was fabricated, which was demonstrated to
be a superior bifunctional electrocatalyst for hydrogen and
oxygen evolution.171 This synthesis also enables the change
of Co to other non-noble metals such as Ni, which have fur-
ther expanded the present fabrication system for a wide
range of catalytic reactions.142

Besides the intensive use of NPC materials as catalyst sup-
ports in catalytic hydrogenations, they can also be directly
employed as catalysts in the metal-free catalytic hydrogena-
tion reactions. In a related work, the Chen group introduced
metal-free nitrogen-doped graphene (NG) for the catalytic re-
duction of 4-nitrophenol to 4-aminophenol; the catalyst
achieved high activity in the presence of NaBH4 as the reduc-
tant.170 When comparison experiments were performed
employing nitrogen-doped graphite, pristine graphite, GO
and reduced GO as the catalysts, only the nitrogen-doped
graphite was catalytically active, and its activity was much
lower than that of NG. Interestingly, the present reaction me-
diated by NG follows pseudo-zero-order kinetics, which is
completely different from all of the reported pseudo-first-
order reactions catalyzed by metal NPs. Therefore, consider-
ing only the adsorption of nitrophenol on the surface of NG,
detailed investigations including in situ Fourier Transform
Infrared Spectroscopy (FTIR) and density functional theory
(DFT) were performed. The results suggested that nitro-
phenol ions tend to interact with NG via the O atom of the

Fig. 8 Representative SEM image (a), TEM image (b), and HRTEM
images (c, d) of CoOx@NCNTs. Inset (a) is magnification of the SEM
image, and inset (b) is the metal particle size distribution histogram.
Reproduced with permission from ref. 30. Copyright© 2015 American
Chemical Society.
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hydroxyl group, and only the carbon atoms next to the doped
N atoms can be activated and catch the nitrophenol ions due
to its weakened conjugation and higher positive charge den-
sity. Further, all of the pyridinic, pyrrolic, amine and gra-
phitic nitrogen species have good performance for nitro-
phenol adsorption, and the nitro groups of the adsorbed
nitrophenol ions are all activated. That is why nitrogen dop-
ing can have such a positive effect on promoting the catalytic
performance. Despite this fantastic discovery, the tedious
synthetic process of NG and the use of toxic chemicals lim-
ited its wide use to some extent. Thus, the sustainable syn-
thesis of catalytically active metal-free alternative NPC mate-
rials is highly desired. To this end, employing sustainable
chicken feathers as both the nitrogen and carbon precursor,
the same group prepared nitrogen-containing carbon nano-
tubes (N-CNTs) that demonstrated even higher activity than
NG in the metal-free catalytic reduction of 4-nitrophenol to
4-aminophenol.168

4. Catalytic oxidation using
NPC-based catalysts

Oxidation reactions, another important transformation for
the industrial production of a wide range of chemicals and
reactive intermediates, have also seen great development by
using NPC-based catalysts. In this section, we introduce cata-
lytic oxidation reactions based on the kinds of catalysts used:
NPC-supported noble metal catalysts and non-noble metal
ones along with NPC materials alone as metal-free catalysts.
Noble metals such as Pt, Pd, Au and Ru supported on NPC
materials have been tested in a wide range of oxidation reac-
tions like the oxidation of methane, CO, benzoic alcohols, hy-
drocarbons, glycerol and phenol. By supporting non-noble Co
oxide on a NPC support, the Beller group observed superior
catalytic activity for the selective oxidation of alcohols to es-
ters.94 This inspired intensive interest in uncovering their
ability in a wide range of oxidation reactions, including the
epoxidation of alkenes, synthesis of nitriles from the oxida-
tion of alcohols with ammonia, and oxidative dehydrogena-
tion of N-heterocycles. Notably, the mechanisms of oxidation
reactions often involve free radicals, and oxidation reactions
can even take place in the absence of catalysts via non-
catalytic autoxidation.104 Therefore, the induced defects and
charge redistribution in the carbon structures due to nitro-
gen doping may even enable NPC materials as metal-free cat-
alysts in the oxidation reactions. Not surprisingly, even wider
ranges of applications have been explored, including the oxi-
dation of SO2 to SO3 or H2SO4, H2S to sulfur, and NO to NO2

as well as liquid-phase oxidation reactions such as the oxida-
tion of alcohols (aromatic alcohols and aliphatic alcohols)
and C–H bonds (cyclohexane, ethylbenzene, cumene and
other hydrocarbons) and the epoxidation of alkenes (styrene,
trans-stilbene). Considering the high cost of noble metals and
easy leaching of non-noble metals in heterogeneous oxida-
tions, metal-free NPC catalysts demonstrate great potential

for various oxidations in the future, although limited activity
may be the obstacle.

4.1 Metal-based oxidations

As is in the case of hydrogenation, the advantages of nitrogen
species in NPC for anchoring, stabilizing and coordinating
with the deposited metal NPs have further inspired re-
searchers to perform a wide range heterogeneous catalytic ox-
idation reactions. Noble metals such as Pt, Pd, Au and Ru
supported with NPC materials were tested in industrially re-
lated oxidation reactions such as the oxidation of meth-
ane,105 CO,116,172 benzoic alcohols, hydrocarbons,31 glyc-
erol121 and phenol.118 Although non-noble metals supported
on NPC catalysts saw very limited developments in this
area,117,126 a great breakthrough was made by Beller group
with the creation of Co- and Fe-based nanocatalysts activated
by nitrogen-doped graphene layers; these catalysts have been
applied in various oxidations such as the direct oxidative es-
terification of alcohols,94,173 epoxidation of alkenes,101 syn-
thesis of nitriles from the oxidation of alcohols with ammo-
nia,103 and oxidative dehydrogenation of N-heterocycles.100

The non-noble metal-based systems are expected to further
expand their areas of applications in oxidation reactions, and
bimetallic metal-based catalysts are welcomed to improve
performance in this area.167,174 Table 2 gives a brief summa-
rization of the state-of-the-art metal catalysts supported on
NPC, which demonstrated diverse catalytic oxidation activi-
ties in various applications.

4.1.1 Noble metal-based oxidations. By mimicking the mo-
lecular Periana catalyst used in the low-temperature oxidation
of methane to methanol by SO3 in concentrated sulfuric acid
(Scheme 4), the group of Ferdi Schüth developed a solid cata-
lyst by coordinating a Pt2+ species to a low-cost and naturally
available nitrogen-rich NPC (derived from lobster exoskele-
ton).132 This catalyst showed higher activity than the pub-
lished Pt-CTF system,105 but more pronounced deactivation
was observed.132 Although, the reasons for the high activity
and loss of activity during recycling were not clear, this work
may provide new insights for further targeted material devel-
opment, which could bring catalytic methane utilization
closer to technical feasibility.

The selective oxidation of organic compounds such as
benzoic alcohols or hydrocarbons, a primary and essential in-
organic transformation in industrial chemistry, has become a
hot topic in the heterogeneous oxidations. The activities of
noble metals supported by NPC materials have also been in-
vestigated, mainly for Pd-supported catalysts,31,115,175 al-
though Au supported on nitrogen-doped graphene was also
studied.176 The various studies demonstrated enhanced oxi-
dation activity and catalyst stability by introducing nitrogen
heteroatoms into the carbon structure. These enhancements
were due to the increased metal–support interaction and bet-
ter metal dispersion with the decrease in particle size. How-
ever, the turnover frequencies (TOFs) for alcohol oxidation
were relatively low, largely restricting the wide application of
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these catalysts.115,176,177 Recently, the Wang group treated
glucose hydrothermally in the presence of N-containing addi-
tives followed by carbonization at 550 °C in N2. They
obtained an NPC constructed with ∼20 nm carbon NPs,
which functions as a support for constructing a highly active
Pd catalysts for the solvent-free oxidation of alcohols (TOF of
up to ∼210 000) and hydrocarbons (TOF of up to 863;
Fig. 9).31 In contrast to the conclusion that the nitrogen spe-
cies decrease the size of Pd, the Pd NPs observed on the
nitrogen-doped carbon in this study had similar sizes to
those on the nitrogen-free carbon support. This observation
suggested that the nitrogen-doped carbon is the origin of the
activity enhancement. On one hand, both the doped nitrogen
atoms and the increased structural defects due to the incor-
poration of nitrogen in the carbon are expected to anchor
substrates efficiently and lead to the enhancement substrate
adsorption on the catalyst surface, which in principle could
boost the oxidation process. On the other hand, the doped
nitrogen atoms, especially those with lone pairs, might en-
hance the electron density of Pd0, thus promoting the oxida-
tive addition of the O–H or C–H bond to the Pd0 species,
resulting in an increased reaction rate. It is also interesting
to note that the introduction of an organic ligand,
2-acetylpyridine, could accelerate the heterogeneous Pd cata-
lytic oxidation of indane. With the above observations, the
present work presents a simple strategy to tune the oxidation
activities of supported metal particles through the introduc-
tion of nitrogen-doped carbon materials or organic ligands.

Glycerol oxidation, an important reaction that produces
valuable chemicals, was previously carried out in the pres-
ence of the basic additive NaOH,178 which complicates the
operation process and may lead to environmental pollution.
Thus, it is desirable to replace traditional homogeneous ba-
ses with heterogeneous ones from the viewpoint of environ-
mental protection and green chemistry. Considering the weak
basic properties of NPC materials because of the introduction
of nitrogen species in the carbon skeleton, NPC materials
were employed as both supports for Pt NPs and heteroge-
neous basic additives for the base-free oxidation of glyc-
erol.80,92,121 Apart from the achieving basicity under base-free

Table 2 NPC-supported metal catalysts employed for various oxidation reactions

Catalyst Temp. (°C) Oxidant Application TOF (h−1) Ref.

Pt@ExLOB 215 Oleum Methane oxidation 1802 132
Pd@N-doped carbon 160 Oxygen (1 atm) Benzyl alcohol oxidation ∼210 000 31
Pd@PBFS 80 Oxygen (1 atm) Benzyl alcohol oxidation 690 115
Pd/NCS or AuPd/NCS 120 Oxygen (1.5 atm) Benzyl alcohol oxidation 43 000–65 000 175
Au/NG 70 Oxygen (1 atm) Benzyl alcohol oxidation ∼1 176
Pt/CNTs 60 Oxygen (1 atm) Glycerol oxidation 459 80
Pt/N-MWCNTs 60 Oxygen (5 atm) Glycerol oxidation 354 92
Pt/NCNTs 60 Oxygen (1 atm) Glycerol oxidation 2592 121
Co3O4–N@C 60 Oxygen (1 atm) Benzyl alcohol alcohols oxidative esterification 1.67 94
CoxOy–N/C 70 tert-BuOOH Alkenes epoxidation ∼1.25 101
CoxOy–N@C 100 Oxygen (10 atm) HMF oxidation ∼6.5 173
Co3O4-NGr/C or Fe2O3-NGr/C 130 O2 and t-amylalcohol Nitriles synthesis from alcohols ∼1.3 103
FeOx@NGr-C 100 Air (20 atm) N-heterocycles dehydrogenation ∼46 100
Co3O4-NGr/C 60 Oxygen (1 atm) N-heterocycles dehydrogenation 10 99
Co/N-HCS 110 Oxygen (1 atm) Styrene oxidation 245 126
Co@C–N 25 Air (1 atm) Alcohols oxidative esterification ∼0.07 106

Scheme 4 Equations involved in the oxidation of methane by SO3 in
concentrated sulfuric acid.

Fig. 9 Synthetic and catalytic strategy. The substrates and reactors
used in the aerobic oxidation, the device for air production and the
method for catalyst preparation. Reproduced with permission from ref.
31. Copyright © 2013 Macmillan Publishers Limited.
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reaction conditions, enhanced reaction activity, higher selec-
tivity towards glyceric acid and better reaction stability of the
Pt catalysts were observed, and the nitrogen heteroatom
played an important role.80,92 Despite the widely documented
conclusions that the doped nitrogen may improve the disper-
sion and durability of Pt NPs on carbons, the type of nitrogen
functionality on the NCNTs that is responsible for anchoring
metallic NPs remains unclear. By changing the content of Pt
and the nitrogen content of the supporting NCNTs, Yu and
coworkers demonstrated that the graphitic nitrogen species
on NCNTs are primarily responsible for the enhanced cata-
lytic oxidation activity of glycerol.121 These insights are help-
ful in understanding the fundamentals of catalysis involving
N-doped carbon materials as supports. Yet, continuous ef-
forts towards this end are still needed in the future.

4.1.2 Non-noble metal-based oxidations. When it comes to
heterogeneous oxidations based on NPC-supported non-noble
metal catalysts, great contributions were made by the Beller
group, who discovered Co- and Fe-based catalysts in 2013.27,95

These two fantastic works illustrated the excellent activities of
the two catalysts for the hydrogenation of nitroarenes. None-
theless, they also happened to be excellent oxidation catalysts
for the direct oxidative esterification of alcohols,94,173 epoxida-
tion of alkenes,101 synthesis of nitriles from the oxidation of
alcohols with ammonia,103 and oxidative dehydrogenation of
N-heterocycles.99,100 Here, we introduce the Co- and Fe-based
catalytic systems developed by the Beller group for various
areas of oxidation; in addition, some limited works on the
modified catalytic systems are discussed.106,117,126

The Beller group initially tested the activity of a Co3O4–

N@C catalyst for the oxidation of alcohols to esters.94 Esters
are used as important building blocks in the chemical indus-
try and are found in numerous pharmaceuticals, agro-

chemicals, fragrances, and polymers. Among the various syn-
thetic protocols, the direct transformation of alcohols to
esters constitutes an interesting alternative (Scheme 5a).
Thus, Co3O4–N@C was first tested in this reaction with the
addition of basic additives (K2CO3 or K3PO4) at temperatures
of 60–120 °C for 24–30 h under atmospheric O2, resulting in
the synthesis of a series of structurally diverse esters (up to
64 examples) as well as other alkyl esters in good to excellent
yields. The oxidative self-esterification of both aliphatic and
aromatic alcohols was then demonstrated.94 With the excit-
ing results in the first test of using the Co3O4–N@C catalyst
for oxidation, the Co-based catalyst was further applied to in-
dustrially relevant oxidations. One was the epoxidation of al-
kenes with tert-butyl hydroperoxide as the oxidant
(Scheme 5b), which produced epoxides covering various aro-
matic and aliphatic epoxides with excellent selectivity and of-
ten high yields. In addition, this heterogeneous catalyst was
shown to be useful for the oxidation of renewable olefins as
well as vitamin and cholesterol derivatives.101 The other one
was the benign synthesis of nitriles, including all kinds of
structurally diverse aryl, heterocyclic, allylic and aliphatic ni-
triles, from easily available alcohols using aqueous ammonia
and molecular oxygen (Scheme 5c). Using this protocol, the
renewable synthesis of adiponitrile, an important feedstock
for the nylon 6,6 polymer, was achieved.103 Notably, the Fe-
based catalyst, which was less active in nitroarenes hydroge-
nation, also demonstrated similar activity in the synthesis of
nitriles from alcohols and ammonia.103 The catalytic oxidative
dehydrogenation of N-heterocycles constitutes a fundamental
process in organic synthesis, producing pharmaceutics and
other biologically active molecules. Only recently has the modi-
fied Fe activated by nitrogen-doped carbon layers developed by
the Beller group seen application in this area (Scheme 5d),
allowing for the green dehydrogenations of several N-heterocy-
cles, including the synthesis of pharmaceutically relevant quin-
olines.100 With the assistance of K2CO3, Co3O4–N@C also
achieved high activity in this reaction.99

The abovementioned examples are only limited oxidation
reactions, and we believe that the applications of NPC
materials will be further expanded to areas including CO
oxidation, which was tested using a Co3O4 catalyst
supported by nitrogen-doped CNFs.117 Notably, the catalytic
activities in all the tested oxidation reactions originates from
the specific interactions between Fe or Co with the nitrogen-
doped carbon layers; more specifically, the activity is attrib-
uted to the coordination between Fe or Co with the nitrogen
atoms in the carbon layers.27,95 However, improvements still
remain to be made. For example, a Co@C–N catalyst derived
from the pyrolysis of a MOF ZIF-67 developed by Li and co-
workers was successfully applied in more than 34 examples
of base-free oxidative esterifications of alcohols under mild
conditions;106 these examples did not use the basic additives
in the Co-based catalyst that were used by the Beller group.94

Considering the high cost of the fabrication process of the
current NPC-based non-noble metal catalysts used in oxida-
tions, more easily accessible and renewable NPC-supporting

Scheme 5 The various heterogeneous oxidation reactions catalyzed
by NPC-supported Co or Fe catalysts: a) oxidative synthesis of esters
from alcohols; b) epoxidation of alkenes with tert-butyl hydroperoxide;
and c) general reaction pathway for the synthesis of nitriles from alco-
hols. d) The catalytic pathway for the dehydrogenation of
N-heterocycles. Reproduced with permission from ref. 94, 100, 101
and 103. Copyright American Chemical Society, WILEY-VCH
VerlagGmbH & Co. KGaA, Weinheim and Macmillan Publishers Limited.
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non-noble metal catalysts are expected to be developed, and
even greater catalytic activity for a wider range of oxidation
systems is anticipated.

4.2 Metal-free oxidations

Confronted with the problems of easy leaching and sintering
of supported metal NPs in supported-metal catalysts, re-
searchers thus have devoted their energy to the investigation

of metal-free alternatives. Recent reviews by Su et al. have
highlighted the advantages and promising prospects of using
metal-free nanocarbon catalysts for sustainable chemistry,
particularly in the oxidation area.18,179 Tremendous improve-
ments in the catalytic activities of NPC-supported metal cata-
lysts in the abovementioned hydrogenations and oxidations
due to the incorporation of nitrogen atoms in the carbon
supports have been demonstrated; thus, doping nitrogen
atoms into the carbon skeletons is expected to be more

Table 3 NPC catalysts employed in various metal-free oxidation reactions

Material Nitrogen doping method
Nitrogen
content (wt%) Activity origin

Molecule for
oxidation

Activityb

(mmol g−1 h−1) Ref.

N-AC; N-ACF Post treatment with DMF,
NH3, DCD or urea

0.4–4.6 Pyridinic N SO2 ∼85 83

NMC (N-mesoporous
carbon)

Direct synthesis with
melamine

4.3–11.9 Pyridinic N H2S ∼160c 119

N@CFs Direct synthesis from
polyacrylonitrile

10.6–16.2 High graphitization H2S ∼10c 108

N-CNTs; NCNTs/SiC Direct synthesis with NH3 1.2–4.1 Nitrogen doping effect H2S ∼15–25c 180,
181

N-AC Post treatment with urea 0.82–1.65 Nitrogen doping effect NO — 82
NCM (N-carbon xerogel) Post treatment with urea or

melamine
2.0–5.3 Pyridinic and pyrrolic N NO 30d 120

NCNF Posttreatment with NH3 3.21–5.21 Nitrogen doping NO — 75
NG Post treatment with

ammonium nitride
5–8a Enhanced electron

transfer
Phenol ∼1–4 84–86

NCNTs Post treatment with
melamine

0.75–0.8a Enhanced electron
transfer

Phenol ∼6 182

NG Post treatment with urea or
melamine

7.5–9.3 Nitrogen doping effect Phenol ∼6 183

NG (N-doped graphene) Posttreatment with NH3 1.71–4.16 Graphitic N Benzylic alcohol ∼0.05 97
NCNTs Direct synthesis with aniline 0.2–3.0 Enhanced electron

transfer
Benzyl alcohol ∼30 184

NCNTs Direct synthesis with aniline 0.2–3.0 Enhanced electron
transfer

Benzyl alcohol ∼16 185

N-ADD (N-doped annealed
nanodiomand)

Post treatment with
imidazole or NH3

Up to 5.0 Pyridinic N Benzyl alcohol ∼9 33

N-AC (N-doped activated
carbon)

Post treatment with NH3 Up to 5.3 Graphtic N Benzyl alcohol ∼0.3 55

NCNTs Direct synthesis from aniline 4.5a Enhanced electron
transfer

Cyclohexane 879 124

NCNTs Direct synthesis from aniline 0.31–3.44a Enhanced electron
transfer

Cumene 157.5 122

NCNTs Direct synthesis from aniline 0.3–4.36 Enhanced electron
transfer

Cyclohexene 620.1 104

NG Direct synthesis from
chitason

6.6 Carbon adjacent to
nitrogen

Cyclooctane ∼40–60 186

NG Post treatment with
acetonitrile

1.1–8.9 Carbon adjacent to
graphitic nitrogen

Ethylbenzene ∼4–20 32

NDC Direct synthesis from
melamine

4.4–11.9a Graphtic nitrogen Ethylbenzene ∼13 134

NG Post treatment with
hydrazine

3.54–6.35 Nitrogen doping effect Aromatic and
aliphatic C–H

∼1–3 81

NOMC (N-doped
mesoporous carbon)

Direct synthesis from
m-aminophenol

0.9–3.3a Nitrogen doping effect Ethylbenzene 144.6 136

NAC Post treatment with NH3or
NO

1.56–4.04 Pyridinic N Xanthene 0.28e 187

NG Post treatment with NH3 0.42–1.29 Carbon adjacent to
graphitic nitrogen

trans-Stilbene and
styrene

∼25 56

NOLC (N-doped onion-like
carbon)

Post treatment with NH3 2.06–3.95a Carbon adjacent to
graphitic nitrogen

Styrene ∼35 76

a Atomic percent of nitrogen. b Reaction rate of substrate consumption normalized by catalyst mass. c Calculated from weight hourly space
velocity (the mass of H2S feed per mass of NPC catalyst per hour) and corresponding conversion data. d Reaction rate of substrate
consumption normalized by the surface area (mmol m−2 h−1). e TOF (h−1) based on the number of surface pyridine-type N species.
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advantageous than using pure nanocarbons in catalytic oxida-
tion reactions. Without the influence of the deposited metals,
employing metal-free NPC materials as the catalysts may
also enable better control of the active-site, more specifically,
the specific nitrogen species. Indeed, metal-free NPC catalysts
have been used in a wide range of oxidation reactions. In
this section, a series of recent oxidation reactions including
the gas-phase oxidations of SO2 to SO3 or H2SO4, H2S to
sulfur, and NO to NO2 along with the liquid-phase oxidations
of alcohols (aromatic alcohols and aliphatic alcohols) and
C–H bonds (cyclohexane, ethylbenzene, cumene and other
hydrocarbons) and the epoxidation of alkenes (styrene,
trans-stilbene) are reviewed. Moreover, insights from mecha-
nistic studies and active site discussions for related reactions
are included. For clarity, the nitrogen doping methods, nitro-
gen contents of the employed NPC catalysts, the active cen-
ters and the reaction rates for the oxidation reactions are
summarized in Table 3.

Atmospheric contamination is one of the most important
environmental problems caused by progressive industrializa-
tion and threatens human health. Toxic gases such as SO2,
H2S, NO and CO are frequently emitted into the atmosphere.
With the increasing environmental awareness and implemen-
tation of more stringent emissions regulations, researchers
have devoted their energies to controlling and reducing toxic
gas emissions.188 NPC materials have demonstrated potential
in this field, particularly through metal-free catalytic oxida-
tion, although CO oxidation remains in the theoretical
stage.189

In very early works, the catalytic activities of NPC mate-
rials used as metal-free catalysts for SO2 oxidation were dem-
onstrated, and enhanced catalytic performance was observed
as a result of nitrogen doping.190,191 However, the nature of
the nitrogen species responsible for the enhanced activity
remained unclear. In response to this issue, Cazorla-Amorós
et al. synthesized a number of nitrogen-doped activated car-
bons (N-AC) and nitrogen-doped activated carbon fibres (N-
ACF) with a wide range of nitrogen contents and different
distributions of chemical species. When N-AC and N-ACF
were applied in SO2 oxidation, the presence of N species at
the surface increased the catalytic activity, and the pyridinic
nitrogen species contributed the most to the activity enhance-
ment.83 From then on, NPC materials have been applied to
the oxidation of H2S to recover sulfur, an important process
for the utilization of gasified products from many industrial
processes. The group of Pham-Huu initially developed NCNTs
for the efficient oxidation of H2S to sulfur and obtained excel-
lent activity along with high stability (more than 120 h) dur-
ing testing at a relatively high space velocity (1.2 h−1). The au-
thors attributed this high stability to the active nitrogen sites
embedded inside the carbon matrix, which were responsible
for the formation of the activated oxygen species.180 To fur-
ther increase the catalytic activity, the NCNTs were macro-
scopically shaped on silicon carbide foam to improve the
contact between the reactants and the catalyst.180,181 How-
ever, there was no evidence of the exact active centers respon-

sible for the improved activity, although nitrogen indeed fa-
cilitates this improvement. A subsequent work by the same
group employed nitrogen-doped carbon fibers (N@CFs) pre-
pared by electrospinning for the same reaction and con-
cluded that a synergic effect between the incorporated nitro-
gen species and a high graphitization degree of the N@CFs
was responsible for the enhanced activity in selective H2S oxi-
dation.108 This conclusion was much different that that
reached by Long et al., who illustrated that the pyridinic ni-
trogen species are responsible for the catalytic activity for
H2S oxidation in the presence of nitrogen-doped mesoporous
carbons (NMC).119 Encouraged by the promoting effect of ni-
trogen doping, NPC materials have been also used as metal-
free catalysts in the oxidation NO to NO2 with enhanced ac-
tivities,75,82,120 and it seems that both pyridinic and pyrrolic
nitrogen species are favorable for NO oxidation.120 Therefore,
depending on the preparation method and physicochemical
properties of the various NPC materials, the conclusions on
the active sites responsible for improving the oxidation activ-
ity may differ.

An early example of the metal-free oxidation of benzyl al-
cohol using NPC materials was reported by the Wang group,
who found that nitrogen-doped graphene (NG) demonstrated
greatly enhanced activity compared to non-doped graphene.97

Through a detailed surface analysis of a series of NGs pre-
pared at different temperatures, the authors revealed the
structure-performance relationship of NG and demonstrated
that the metal-free catalysis takes place at graphitic sp2 nitro-
gen sites. Notably, the authors suggested that the high selec-
tivities for primary aldehydes (up to 100%) were due to a cat-
alytic oxidation mechanism that is more likely without deep
oxidation frequently induced by the produced byproduct
H2O2. The use of an EPR spin-trapping technique and a
photometric method verified this idea because no other ac-
tive oxygen species (e.g., O2˙−, ˙OH, or H2O2) were observed in
the reaction process. Therefore, an sp2 N–O2 adduct transi-
tion state was proposed to be involved in the following reac-
tion mechanism: the adsorption and activation of molecular
oxygen over the graphitic N active sites form a highly chemi-
cal reactive sp2 N–O2 adduct transition state, which in turn
directly attacks the α-H atom of the alcohol to form water
(Scheme 6). A similar observation that the activity originates
from the graphitic nitrogen species was also reported by

Scheme 6 Proposed reaction pathway for aerobic alcohol oxidation
over N-doped graphene nanosheets. Reproduced with permission
from ref. 97. Copyright© 2012 American Chemical Society.
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Masahiko Arai and coworkers. The authors gave some clues
regarding the stability of this active center: the graphitic ni-
trogen species are likely to change to the less active oxidized
ones, causing catalyst deactivation during the oxidation reac-
tion; this deactivation could not be avoided due to the nature
of the reaction.55 However, conclusions on the monotonic
correlations with specific nitrogen species may not be easily
drawn due to the structural and morphological complexity of
the used NPC materials (e.g., NCNTs).185 Furthermore, a reac-
tion mechanism involving radicals was often observed in the
NPC-catalyzed metal-free oxidation of benzyl alcohols,33,55,184

which is a different from the non-radical process illustrated
by Wang et al.97

Notably, the Su group did a good job of employing NPC
materials as metal-free catalysts for benzyl alcohol oxidation,
demonstrating that pyridinic nitrogen species are the active
sites for the catalytic oxidation of benzyl alcohol. The forma-
tion and transformation pathways of nitrogen species and a
reaction mechanism involving free radicals were elaborated
in detail.33 An interesting hybrid material, annealed
ultradispersed nanodiamond (ADD), with sp2 curved concen-
tric graphitic shells combining the remarkable surface prop-
erties of graphene-based nanomaterials with the intrinsic
properties of a diamond core was selected as the starting ma-
terial for nitrogen-modified ADD (N-ADD) powder via three
different preparation methods in a calcinations treatment
process. XPS analyses of the resulting N-ADD samples and
the pristine ADD powder revealed a significant increase in ni-
trogen species, particularly pyridinic nitrogen, lactam or cy-
ano nitrogen, and pyrrolic nitrogen species along with a de-
crease in the atomic ratios of the carbonyl group, carbon–
oxygen ether-like single bond and oxygen in pyridine-N-oxide
and surface trace OH species in the N-ADD samples com-
pared to in ADD. These results suggest that the nitrogen
sources may react with some oxygen species in a series of
chemical reactions to produce nitrogen species during the
preparation process. Through elemental analysis, XPS and
temperature-programmed desorption, the authors revealed
the detailed formation and dynamic behaviors of the nitro-
gen species on the modified ADD during the preparation pro-
cess; the lactam and cyano species function as the intermedi-
ates in the formation of various nitrogen species, while the
transformation of lactam and cyano species as well as the de-
composition and rearrangement of pyridinic or pyrrolic N
species contribute to the formation of HCN. By correlating
XPS data with the catalytic oxidation of benzylic alcohols in
the presence of TBHP, pyridinic N species were found to be
the active sites. The following possible reaction pathway was
proposed based on the bonding behavior between the
pyridinic N species: pyridinic N as a hydrogen bond acceptor
reacts with the ˙OH free radical derived from the decomposi-
tion of tBuOOH, forming pyridinic N–OH active species.
These active species capture hydrogen atoms from the alco-
holic hydroxyl groups of –CH2OH, giving rise to the release of
water and the formation of –CH2O groups. The intermediate
free radical tBuOO˙ that originated from the reaction of the

decomposer tBuO˙ with a portion of tBuOOH can activate the
CH bond of the –CH2O group, finally leading to the forma-
tion of a –CHO group and tBuOOH under mild conditions
(Scheme 7).

The activation of hydrocarbon is quite significant due to
its vital role in converting basic petrochemical materials into
useful compounds. However, this task remains a great chal-
lenge in both academia and industry because of the high dis-
sociation energy of the C–H bond.192 Current approaches for
efficient C–H bond activation are mostly based on the em-
ployment of transition metals or organometallic centers.193

Outside of the use of metals, NPC materials as metal-free cat-
alysts have also demonstrated their use in the activation of
various kinds of C–H bonds, even under moderate reaction
conditions.32,81,124,136,186

The activity of NPC materials was initially predicated
through theoretical calculations by Hu and coworkers, who il-
lustrated that the catalytic ability of metal-free NCNT is com-
parable to those reported for noble metal catalysts and en-
zymes for methane C–H activation through the activated
adsorbed oxygen atoms.194 Almost at the same time, experi-
mental studies by the Peng group demonstrated the high ac-
tivities of NCNTs in the activation of the C–H bond through
the aerobic oxidation of cyclohexane in the liquid phase.124

The authors found that the reaction proceeds through a
radical-involved autoxidation process, and the activity was en-
hanced in the presence of cyclohexanone, which catalyzes the
initiation of a chain reaction. Interestingly, compared with
undoped CNTs, the NCNTs generated over two-times greater
reaction rates. This enhancement was attributed to the en-
hanced electron transfer in the NCNTs, as evidenced by the
more stable radical-NCNT complex compared to the radical-
CNT complex calculated by DFT. Furthermore, the conversion
of C6H12 increased with annealing temperature, indicating

Scheme 7 Mechanism diagram of catalytic reaction for benzylic
alcohols on modified ADD (three graphitic shells are used as an ideal
catalyst model). Reproduced with permission from ref. 33. Copyright©
2014 American Chemical Society.
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that CNTs with higher long-range order and electron delocali-
zation are preferred. This observation further demonstrated
that the introduction of electron-donating nitrogen species in
the graphitic domains can further improve the activity as a
result of enhanced electron transfer. These types of NCNTs
were further applied to other kinds of C–H bonds, including
the selective oxidation of cumene to acetophenone and
2-benzyl-2-propanol122 and the selective allylic oxidation of
cyclohexene to 2-cyclohexen-1-one.104

This great potential of NCNTs in the activation of C–H
bonds has inspired researchers to develop novel NPC mate-
rials towards this end. Indeed, another inspiring work was
reported by the Ma group, who demonstrated the fantastic
catalytic performance of a nitrogen-doped sp2-hybridized
graphene in liquid-phase C–H bond oxidation.32 Initially, the
authors employed Arc-C (a graphene sample prepared by the
arc-discharge method) and LC (a layered carbon prepared by
the pyrolytic method with graphene oxide as the precursor)
with different BET specific areas (61.3 m2 g−1 for Arc-C and
423.6 m2 g−1 for LC) as the catalysts for the liquid-phase oxi-
dation of ethylbenzene in the presence of TBHP; however,
the two catalysts both gave moderate but similar acetophen-
one yields (20.7% and 27.3%, respectively). This strange re-
sult suggests that the catalytic activity is not directly related
to the surface area of the catalyst, and the authors proposed
that the trace nitrogen content in the carbons may be the key
factor. Therefore, the relationship between the nitrogen con-
tent of the catalyst and its catalytic activity was investigated.
The authors concluded that nitrogen doping indeed pro-
motes the high activity in C–H activation; particularly, the
graphitic nitrogen species may be the most influential.32

However, whether the nitrogen itself participates in activating
reactants remains unclear. Therefore, detailed investigations
using X-ray absorption spectroscopy (XAS) and DFT calcula-
tions were performed. The results suggested that the
graphitic-type nitrogen dopant does not directly participate
in the activation of the C–H bonds of the reactant, and the
excellent performance of the LC–N catalysts is due to the abil-
ity of carbon to host the reactive oxygen species with the in-
troduction of nitrogen. This was further verified by studying
the electronic partial density of states (PDOS) along with the
charges of nitrogen and carbon in different positions (ortho-,
meta-, and para-carbon atoms and carbon atoms far away
from the doped nitrogen (referred to as f-carbon)). The much
stronger DOS intensities near the Fermi level for ortho-carbon
confers the ortho-carbon a metal-like d-band electronic struc-
ture, thus contributing to a metal-like catalytic performance.
The much larger compensating positive charge modified by
the nitrogen dopant also makes ortho-carbon a superior posi-
tion for the adsorption of reactive oxygen species such as per-
oxide. This work provided a detailed investigation of the ori-
gin of the activity resulting from the incorporation of
nitrogen dopants in the carbon structure; the results
suggested that nitrogen atoms at graphitic-type sites in lay-
ered carbon catalysts are pivotal for C–H bond activation.
The nitrogen dopant did not participant in the activation of

reactant; instead, the peroxide groups generated on the sur-
face of the catalyst are the active oxygen species on the sur-
face of the nitrogen-doped layered carbon catalyst.

Encouraged by the attractive properties of NCNTs and
N-graphene in C–H bond activation, more sustainable synthe-
ses of these types of materials are welcome. For example,
biomass-derived chitosan was used as a precursor for the fab-
rication of nitrogen-doped graphene, which serves as an ac-
tive metal-free catalyst for the activation of a series of C–H
bonds, including cyclooctane, diphenylmethane, indane, and
ethylbenzene.186 An eco-efficient simultaneous micro-
sonochemical reduction (MR) process was used to prepare
N-graphene in 70 min by introducing aqueous solutions of
GO and hydrazine hydrate into a capillary microreactor, pro-
ducing aromatic and aliphatic ketone products via the activa-
tion of a series of C–H bonds.81 In addition, other types of
NPC materials are stepping into this area, although they re-
main at the early stage. For example, an N-doped ordered
mesoporous carbon (NOMC) was successfully fabricated and
applied in the activation of ethlybenzene.136 However, be-
cause of the high dissociation energy of the C–H bond, only
limited metal-free carbon materials have been shown to be
active in the liquid-phase oxidation of C–H. Thus, it is highly
desirable to develop novel metal-free carbon materials,
mainly those with nitrogen decoration, using sustainable fab-
rication techniques in order to achieve highly reactive mate-
rials to activate more stable substrates such as methyl-
benzene. Another less studied oxidation reaction in the NPC-
based metal-free system is the selective epoxidation of al-
kenes to their corresponding epoxides, which are important
intermediates for the syntheses of perfume, drugs, epoxy
resins, sweeteners, etc. The Ma group tested N-doped
graphene as a highly reactive catalyst in the epoxidation of
trans-stilbene; they obtained 95.8% conversion and 94.4% se-
lectivity for trans-stilbene epoxide.56 Based on the ability of
nitrogen doing to increase both catalytic activity and
trans-stilbene epoxide selectivity, the authors conducted ex-
periments to explore the origins of these effects. By changing
the nitrogen doping via GO treatment in NH3 atmosphere un-
der temperatures ranging from 200–800 °C, a series of NG
materials with nitrogen contents ranging from 0.42–1.29 at%
were obtained. The reactivity was not correlated with the ni-
trogen content. However, interestingly, the authors observed
a linear relationship between the graphitic nitrogen concen-
tration and the epoxidation activity, which was consistent
with their earlier conclusion.32 After eliminating the contri-
butions of residual Fe and the synergic effect of Fe and nitro-
gen, the authors concluded that the activity originated only
from the graphitic nitrogen species; the graphitic nitrogen
dopant did not participate in the epoxidation reaction, but
rather modulated the electronic structure of the sp2 carbon
material.32 Thus, the authors carried out DFT calculations to
illustrate the oxidation mechanism of the carbon–carbon
double bonds (Scheme 8). Although the formation of reactive
oxygen species was governed by the modulated electronic
structure of the N-doped graphene catalysts, the unique
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geometric feature described is responsible for the epoxida-
tion, specifically the transferring/hopping of hydroxyls and
the successive recycling of the reactive oxygen species. This
NG catalyst could be recycled more than five times without
losing activity and selectivity; it was also highly active and se-
lective in the epoxidation of styrene (with 87.6% conversion
and 72.8% epoxide selectivity).56 Similar to the observations
of the Ma group, Su and coworkers applied another kind of
NPC N-doped onion-like carbon in the epoxidation of styrene;
although this material showed inferior selectivity (46%), this
work further elucidated the role of graphitic nitrogen in pro-
moting epoxidation and epoxide selectivity.76

5. Conclusions and outlook

The highly porous microstructure (mainly mesoporous struc-
ture) and beneficial nitrogen functionalities of NPC materials
combined with a deep knowledge of their active sites through
novel characterizations to theoretical modeling have enabled
the wide use of NPC materials as catalysts or catalyst sup-
ports. In this review, we introduced the various fabrication
techniques for nitrogen-doped porous carbon materials and
discussed their many applications in heterogeneous hydroge-
nations and oxidations. The specific interaction of the incor-
porated nitrogen heteroatom with supported metals (both no-
ble and non-noble metals), which contributes to good
dispersion, smaller particle size, and modified electronic
states of supported metal NPs, makes NPC materials promis-
ing catalyst supports in both hydrogenations and oxida-
tions.27,31,43,95 Further, the modified charge distributions of
NPC materials also induces novel active sites and activation
modes, further enabling NPC materials as metal-free catalyst
with enhanced catalytic oxidation activities towards alcohols
and hydrocarbons.32,33,124

Although the applications of NPC materials in heteroge-
neous hydrogenations and oxidations have seen great ad-
vancements, a deeper understanding of the origins of their

activity still remains to be investigated. When serving as sup-
ports, the investigation of the correlation between structure
and properties will continue to be a key topic of future stud-
ies. Specifically, how the interaction between the supported
metal and nitrogen influences reaction activity remains an
interesting area of study. The solutions are expected to be
found using experimental trials combined with theoretical
calculations, which will help us better understand the reac-
tion mechanism and the active sites (nitrogen doping), which
in turn may provide theoretical guidance for designing and
preparing highly active and selective catalysts. The great
achievements of NPC materials in metal-free catalysis could
deepen our understanding of their properties and detailed re-
action mechanisms. However, with respect to industrial
manufacturing, it seems more promising to combine the ad-
vantages of metal NPs.

Therefore, future studies are expected to further modify
supported catalysts in two ways, by modifying metal NPs and
the NPC supports. As for metal NPs, studies on developing
bi/multi-metal-based annoys hybridized with NPC materials
should be intensified due to the possibility of enhanced cata-
lytic performance resulting from the synergic effects among
the different components in hybrid catalysts.25,26 When it
comes to the design of catalyst supports, it is highly suggested
to develop supports with 3D pore structure for their advantage
in contributing to the mass transfer in reactions. Therefore,
the one-step and low-cost production in large quantities will
be increasingly appreciated. Notably, these directions are still
new in the area of NPC-based supported catalysts; however,
they show promising prospects, and it is hoped that more
breakthroughs will be achieved in these respects.

There are still many challenges related to practical hydro-
genations and oxidations. In hydrogenations, the key chal-
lenge is to selectively hydrogenate targeted functional groups
in the presence of multiple reduction groups. There is a
bright future in developing highly active and selective hydro-
genation catalysts for the synthesis of fine chemicals and for
the refining of biomass to manufacture bio-oils. As for the
more complex oxidation reactions, which easily produce
byproducts, developing active catalysts while maintaining the
product selectivity will continue to be a great challenge. Nota-
bly, supported NPC catalysts are expected to play significant
roles in activating a series of substrates that are difficult to
activate, such as cyclohexane, benzene, toluene and methane.

This review covers the state-of-art fabrication of various
NPC materials and their bright future as promising catalysts
or catalyst supports for heterogeneous hydrogenations and
oxidations. And the correlations between their excellent cata-
lytic performance and the unique features of NPC materials
were also elucidated. Less discussed in this review are the
various advanced characterization techniques combined with
theoretical modeling, which are highly important in design-
ing NPC materials in rational ways and in understanding the
tested reactions in detail. The reader is referred to the excel-
lent review by Su et al. for a detailed discussion of these
methods.18

Scheme 8 The reaction mechanism for the epoxidation of
trans-stilbene on a nitrogen-doped graphene catalyst. Reproduced
with permission from ref. 56. Copyright© 2014 American Chemical
Society.
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