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Polymeric graphitic carbon nitride materials (for simplicity: g-C;N,)
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genation reactions. As carbon nitride is metal-free as such, it also
tolerates functional groups and is therefore suited for multipurpose
applications in biomass conversion and sustainable chemistry.

1. Introduction

Sustainable chemistry focuses on the design of chemical
processes that cause minimal environmental impact and it
seeks to reduce and prevent pollution at its source.l'™
Optimization of existing chemical processes together with
the development of novel, environmentally friendly processes
depend greatly on improvement of catalyst performance.!
Catalysis thus has a strong impact on the development of
modern sustainable chemistry."*! Solid heterogeneous cata-
lysts are convenient for recovering and recycling catalysts
from reaction environments, which lead to improved proc-
essing steps, better process economics, and environmentally
friendly manufacturing.!'®' Traditional inorganic materials
are limited in the nature of their active sites and thus the
scope of applications that they can accomplish.? Organic
polymeric catalysts or catalyst supports have the advantage of
flexibility for optimization but traditionally suffer from
substantial swelling and stability problems.®! Another issue
is tolerance of the catalytic center against functional organic
groups. While traditional catalysts have been optimized for
hydrocarbon processing, future biomass-based conversion
schemes unequivocally require inertness against most simple
functional groups, such as OH, NH,, COOH, and water. A
highly active heterogenous catalytic that meets these require-
ments could therefore be considered to be a “game changer”
and is still eagerly sought after.

A fascinating choice—at least as a starting point—is
carbon nitride. It is not new at all and presumably one of the
oldest reported polymers in the scientific literature as such. A
polymeric derivative was already made by Berzelius and
named by Liebig in 1834 as “melon”, and is to be regarded as
one of the oldest synthetic polymer as such.'¥ A more
detailed discussion of actual synthetic pathways will be
presented below. It is however interesting to note here that
this polymeric semiconductor is mainly composed of carbon
and nitrogen, and its organic chemistry provides ways to
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modify its reactivity without having to change the overall
composition too much. Indeed, reports on approaching the
synthesis of different modifications and the elucidation of the
composition and structure of carbon nitride materials abound
in the literature.'>? Potential applications in energy con-
version,®* hydrogen®% and carbon dioxide storage,**!
purification of contaminated water, in solar cells,*** as
humidity and gas sensors®**! have also been reported.

The so-called g-C;N, is the most stable allotrope of carbon
nitride and has attracted much attention in recent
years.">#7 The framework topology previously identified
in g-C;N, is in fact presumably a defect-rich, N-bridged
“poly(tri-s-triazine)”. As the s-triazine ring (C;N;) is aro-
matic, it is expected that a conjugated, two-dimensional
polymer of s-triazine would tend to form a m-conjugated
planar layers like that of graphite, which has been proven by
wide-angle X-ray diffraction (XRD) patterns and SEM and
TEM observations.”*>!! The tri-s-triazine ring structure and
the high degree of condensation makes the polymer possess
highly stable with respect to thermal (up to 600°C in air) and
chemical attack (for example, acid, base, and organic
solvents) and an appealing electronic structure, being a
medium-bandgap, indirect semiconductor.***! This allows
its direct use in sustainable chemistry as a multifunctional
heterogeneous metal-free catalyst, for example in oxidation
of hydrocarbons*** and water splitting.>":>->°

Interestingly, many organic inorganic compounds or
metals could bind or intercalate into the matrix and provide
a convenient means of fine-tuning the structure and reactivity
of g-C;N,, if so desired. Such procedures have already been
widely used to control the performance of carbon nitride;
examples including protonation,” boron,® fluorine,*" and
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sulfur doping.”®*! The introduction of functional atoms or
groups in the matrix or surface of the carbon nitride
undoubtedly greatly improved its performance and expanded
applications.

Although there are a few inspiring reviews focused on the
selected topic in synthesis and properties of carbon
nitride,?*%1 a relatively comprehensive and updated
review on its role as a organocatalyst is still lacking. In the
present Review, we will first give a brief introduction into the
general chemistry and properties of carbon nitride. Recent
advancements in the modification of carbon nitrides and their
applications in sustainable chemistry will then be emphasized.

2. A Brief Development History of Carbon Nitride

As already mentioned, the history of carbon nitride and its
precursors can be traced back to the very early days of
Berzelius and Liebig in 1834 (Scheme 1).!4! Closer insights
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Scheme 1. Carbon- and nitrogen-containing materials obtained from
the thermolysis of mercury(Il) thiocyanate as described by Liebig.

into the structure of these compounds were described by
Franklin as early as 1922. He introduced the concept of
“carbonic nitride” (C;N,) and suggested that C;N, might be
obtained as the final deamination product of the series of
ammonocarbonic acids by heating melon.®"! Pauling and
Sturdivant initially suggested a coplanar tri-s-triazine unit as
the basic structural motif of these polymeric derivatives in
1937.1%1 Later, Redemann and Lucas indicated that there is a
formal resemblance between melon and graphite in that the
molecules are infinitely large and planar. They deduced that
the Franklin’s carbon nitride closed to a compact condensa-
tion product with 21 molecules of 2,5,8-triamino-tris-s-tria-
zine, C,Hy Ny;5.%% Based on these findings it was stated that
one single structure should probably not be assigned to melon
as it is more likely a mixture of polymers of different size and
architecture.

The above melon-based carbon nitrides had for a long
time been forgotten as unconfirmed species. Not only then
were researchers challenged by the chemical inertness and
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low solubility—possibly one reason why their structures
remained unclear in detail until today. In 1990s, more than
150 years later, the interest in these compounds blossomed by
the theoretical prediction that dense sp*-bonded C;N, phase
(B-C5N,) could have extremely high bulk modulus and
hardness values comparable with or exceeding that of
diamond./%! These results motivated further experimental
efforts to synthesize and characterize p-C;N,.[%7]

However, it turned out to be very difficult to prepare
single-phase sp>-hybridized carbon nitride phases because of
their low thermodynamic stability."" Further theoretical work
indicated g-C;N, to be the most stable allotrope at ambient
conditions.””””! The synthesis and characterization of g-
C;N, is a challenging task by itself, and to date a large number
of different experimental attempts have been made.'7-23-50%7]
A very detailed description of the development of these
approaches was recently given by Kroke,® Antonietti,*!
Blinov,®! and Matsumoto!®! et al.

Owing to the lack of experimental data, there is a
prevailing discussion about the actual existence of a graphitic
material with idealized composition C;N, and possible
structure models for g-C;N,. Inspired by the structure of
graphite, triazine (C;N;) had been put forward as elementary
building blocks of g-C;N, (Scheme 2).2% 4677778104 Ty
ever, another possible building block, tri-s-triazine (hepta-
zine) rings, which are structurally related to the hypothetical
polymer melon,"*11%-1%8] haye recently been shown to be
energetically favored with respect to the triazine-based
modification.'>!”! The tri-s-triazine rings are cross-linked
by trigonal nitrogen atoms (Scheme 2), and very recent work

Scheme 2. s-Triazine (top) and tri-s-triazine (bottom) as tectons of g-
GN,.
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has shown that indeed the pyrolysis of cyanamide, dicyandia-
mide, or melamine yields a melon polymer built up from
melem units,[#>-4%-80.81.83.91.102.1094112] copfirming that this tecton
is the most stable local connection pattern.

Up to now, the condensation pathways of cyanamide to
dicyandiamide and later to melamine and all of the other C/N
materials described by Liebig were seen as good synthetic
strategies to generate slightly defect, polymeric species
(Scheme 3). But from the perspective of the fundamental
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In the present context however, we do not have to focus
on perfectly crystalline materials, as it turned out in most of
the catalytic experiments that the defect-containing, poly-
meric g-C;N, is far more active. As in most heterogenous
catalysis, surface terminations and defects seem to be the real
active sites, whereas crystalline perfection only contributes to
the bulk properties, such as the graphitic structure, high
thermal and chemical stability, and semiconductor electronic
structure.® Furthermore, understanding carbon nitride as a

polymer enables diverse
synthetic tools to be
applied, such as copoly-
merization with similar
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Scheme 3. Condensation reactions of cyanamide to give discrete oligomers, polymers, and extended networks.

understanding of materials structures, it is still challenging to
synthesize a perfect crystalline carbon nitride. The bulk
synthesis routes based on these C/N/H-containing compounds
have, despite numerous attempts, not yielded the desired,
ideally condensed, crystalline C;N, phase, which is widely
acknowledged as being a predominantly kinetic problem.*!!
The acquisition of accurate data beyond stoichiometry
and composition remains largely elusive owing to poor
crystallinity and a high degree of disorder of the as-
synthesized material. Only a very few exceptions involved
the highly textured carbon nitride, but the results are still
under discussion. In 2001, Komatsu reported highly crystal-
line species that was believed to be “high-molecular-weight”
melon."""? Schnick and co-workers were able to isolate and
identify the crystal structures of heptazine derivatives melem
CN;(NH,),*""" and melam [(H,N),(CsN;)],NH."! This
work shed light on the argument of possible block units of
g-C;N,; at the same time the results indicated that the
chemical synthesis of high crystal packing of carbon nitride is
not impossible. In 2007, McMillan and co-workers reported
that conversion of dicyandiamide under high-pressure, high-
temperature (HP-HT) conditions indeed yields a crystalline
carbon nitride imide phase, C,N,(NH).''¥l Just recently, the
formation of a highly crystalline carbon nitride by a simple
self-condensation of dicyandiamide in a salt melt of lithium
chloride and potassium chloride has been demonstrated.[*”)
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tion as a metal-free cat-
alyst in  2006.115:116]
These reports inspired
numbers of efforts toward the development of its new
applications; the use of carbon nitride or its modifications
in sustainable chemistry now constitutes a forefront of
modern carbon nitride chemistry.

3. Properties of Carbon Nitride
3.1. Thermal Stability

Thermal gravimetric analysis (TGA) on g-C;N, reveals
that this material is significantly robust and non-volatile up to
600°C even in the air. A strong endothermal peak appears at
630°C, paralleled by consecutive complete weight loss, which
indicates that the thermal decomposition and vaporization of
the fragments started at this temperature. Gillan sealed
carbon nitride in evacuated silica ampoules and placed them
in a temperature gradient. This study revealed that a very
slow sublimation of carbon nitride sets in at 450°C and
increased massively at 650°C.""! Complete decomposition of
carbon nitrides occurs at 750°C and results in no residue of
the material. This thermal stability is however one of the
highest for an organic material and for instance higher than
those of typical high-temperature polymers and aromatic
polyamides and polyimides. Note that the thermal stability of
carbon nitride is somewhat different from different prepara-
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tion methods in the literature,* %1718 which may be
caused by the different degrees of polymerization.

3.2. Chemical Stability

As with graphite, the stacking with optimized van der
Waals interactions between the single layers of carbon nitride
makes it insoluble in most solvents. No detectable solubility
or reactivity of carbon nitride has been observed in conven-
tional solvents, including water, alcohols, DMF, THF, diethyl
ether, and toluene."” To test the stability and durability of g-
C;N, in organic solvents, carbon nitride powder was dispersed
in water, acetone, ethanol, pyridine, acetonitrile, CH,Cl,,
DMEF, glacial acetic acid, and 0.1M NaOH aqueous solution
for 30 days. These dispersed carbon nitride samples were then
dried at 80°C for 10 h and then their IR spectra had been
measured to compare with the fresh carbon nitride. The IR
spectra of the soaked carbon nitride samples were essentially
unchanged from that of the fresh material. There are two
exceptions: treating g-C;N, in molten alkali metal hydroxides
results in a hydroxolysis of the structure. Treatment in
concentrated acids on the other hand leads to presumably
sheet-like dissolution to give a colloidal dispersion,”” which
however is fully reversible.

3.3. Optical and Photoelectrochemical Properties

The optical properties of carbon nitride were investigated
by UV/Vis absorption and photoluminescence experiments.
As revealed by the theoretical calculations, polymeric carbon
nitride is a typical semiconductor with a bandgap of up to
5eV, depending on structural variations or adatoms.'"
Indeed, conventional carbon nitride shows the typical
absorption pattern of an organic semiconductor with a
strongly expressed bandgap adsorption at about 420 nm
(Figure 1a). This is consistent with its pale yellow color, as
already reported by a number of authors.[*:%120]

M. Antonietti et al.

It is worth noting that the preparation method, including
precursors used and condensation temperature slightly effect
the absorption edge of carbon nitride, which may be due to
the different local structure, packing, and defects formed
during the preparation or modification processes.”>>! For
example, different modifications of carbon nitride may lead to
a blue-shift (such as protonation®! or sulfur doping®) or red-
shift (boron and fluorine doping®"! and copolymerization with
barbituric acid?") of the adsorption edge (see also Section 4).

Several photoluminescent species have been reported,
and some of them exhibit emission in the blue region. It seems
that the photoluminescence spectrum sensitively depends on
the degree of condensation and the packing between the
layers.*:81:86120.122] - Generally, ordinary polymeric carbon
nitride exhibits strong blue photoluminescence at room
temperature. The luminescence was observed over a wide
range (430-550 nm) and has a maximum at about 470 nm.

The suitable electronic band structure also makes carbon
nitride a promising candidate for solar energy converting
systems, such as photoelectrochemical cells (Figure 2).”7
Indeed, photocurrent was observed even in the case of bulk
g-C;N, under the illumination of visible light (1 > 420).57-42121]
The high chemical and thermal stability of carbon nitride
makes photoelectrochemical cells stable under an oxygen
atmosphere. Furthermore, the electronic band structures of g-
C;N, could be tuned by modification of the nanomorphology
or doping (Figure?2), which makes the improvement in
photocurrent possible. For example, mesoporous carbon
nitride (mpg-C;N,) can in principle enhance the light harvest-
ing ability owing to its large surface area and multiple
scattering effects, and therefore showed an increase in
photocurrent.!'”! Other modifications, including doping and
protonation, can also increase the photocurrent.’-#>121]

Although the modification of carbon nitride partly
improved the photocurrent, it is to be said that at present
the photocurrent is still rather low, which is assumed to be due
to the grain boundary defects and the inability to synthesize
larger domain sizes with current synthetic schemes. Consid-
ering different modifications of task-specific carbon nitrides
using the rich chemistry of carbon and nitrogen available, we
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Figure 1. a) Diffuse reflectance absorption spectrum and photoluminescence (PL) spectrum (inset) under 420 nm excitation and b) time-resolved
PL spectrum monitored at 525 nm under 420 nm excitation at 298 K for bulk g-C;N, (black) and mpg-C;N, (red). c) Periodic on/off photocurrent
I, response of a mpg-C;N, electrode in 0.5m Na,SO, under zero bias in a two-electrode photoelectrochemical cell."”! (Reproduced with

permission from the American Chemical Society, copyright 2009.)
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Figure 2. Electronic band structures of different g-C;N, solids. a) The
HOMO and LUMO; b) correlation of the flat-band potential (vs. NHE)
of mpg-C;N, and pH in 0.1 m KCl aqueous solution.

expect however that this problem can be resolved by future
research in this direction.

4. Modifications of Carbon Nitride

4.1. Texture Modification of Carbon Nitride
4.1.1. Synthesis of Mesoporous Carbon Nitride by Nanocasting
Techniques

Carbon nitride materials collected directly after self-
condensation of organic precursors are bulk materials with a
very small surface area, normally below 10m®g~'. For
practical applications of the materials in fields such as
catalysts or catalyst supports, the introduction of controlled
porosity at the nanoscale in the bulk carbon nitride is
mandatory to enhance its function. Starting from a liquid
precursor and making a material by condensation enables
however a multitude of processing steps unheard of in solid-
state chemistry, including printing, stamping, spinning, film
casting, molding, templating, and extrusion. For the creation
of high specific surface area, nanocasting is advisable.!'**!

The first mesoporous g-C;N, (mpg-C;N,) was obtained by
nanocasting/replication of mesoporous silica matrices, which
are well-known from the generation of the corresponding
carbon nanostructures.“*122 In a typical synthetic proce-
dure, the silica template and organic precursor (for example
cyanamide) were first mixed in aqueous solutions. After
removal of water, the resulting composite was subsequently
heated for 4 h at 550°C, ensuring the condensation of the
precursor into polymeric C;N,. Removing of the silica

Angew. Chem. Int. Ed. 2012, 51, 68 -89
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template with an aqueous NHHF, solution yielded the
carbon nitride replica as a yellow powder. XRD and IR
measurements revealed the formation of an extended graph-
itic carbon nitride structure in the pore walls. By utilizing this
“hard template” method, the morphological properties of
carbon nitride can be controlled to a certain extent, featuring
surface areas between 86 m*g~" and 439 m?g~', depending on
the weight fraction of silica template.*"'**! Subsequently,
ordered mesopore carbon nitrides with different mesostruc-
tures have also been synthesized using SBA-15 as a hard

template (77128
Other strategies involved the use of ethylenediamine
(EDA) and carbon tetrachloride (CTC) as precu-

sors.B3412- 13U Eor example, Vinu et al. reported the synthesis
of mesoporous carbon nitride by nanocasting techniques
through a simple polymerization reaction between CTC and
EDA.'?13% Their materials featured ordered pores and
controlled textual parameters; however, X-ray diffraction
measurements showed low crystallinity of the pore walls,
while the C/N molar ratio (ca. 5) indicated the loss of the vast
majority of nitrogen. However, this is nevertheless relevant
for catalysis, as will be discussed below.

4.1.2. Synthesis of Mesoporous Carbon Nitride by using Soft
Templates

Nanocasting methods are good as a proof-of-principle, but
the extra step involving etching with aqueous ammonium
bifluoride (NH,HF,) or hydrogen fluoride (HF) is not only
hazardous and environmentally unfriendly, but also prohibits
further functionalization. Development of reliable and facile
strategies for the production of mesoporous materials using
“soft templates” carbon and carbon nitrides is therefore of
growing interest."*>3 For thermodynamic and physicochem-
ical reasons, preparing porous materials using soft templates
is sometimes still a challenge.!'? 13136

By introducing holding sequences in the heating program
according to the decomposition temperature of the surfac-
tants, nanoparticulate C,N, was successfully synthesized using
surfactants or amphiphilic block polymers as soft templates,
but most experiments yielded a closed pore system, as
decomposition of the template at too early a stage enables
the resealing of the pores."™! Triton X-100 was found to be a
favorable exception. Nicely developed pore texture which
reflects the geometric properties of the original Triton X-100
supermolecular aggregates was observed by TEM, and the
nitrogen adsorption isotherms of as-prepared mpg-C\N,
revealed a BET surface area of 76 m?g !, while micropores
were essentially absent in the materials.

Except Triton X-100, ionic liquids (ILs) are another
favorable choice as a soft template for nanostructured carbon
nitride solids.*>"*”" As a kind of new ionic solvent, ILs offer
some distinct physical and chemical properties for high-
temperature templating, for example high thermal stability
(in some cases in excess of 400°C) and negligible vapor
pressure. Indeed, the ILs gave good nanoporous structures
with acceptable porosity. For example, a porous material with
a pore size of 5.6 nm, a BET surface of 81 m*g~! was obtained
by using butylmethylimidazolium dicyanamide ionic liquid as
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a soft template.” However, parts of this C,N-based ionic
liquid enters the materials upon condensation as a co-
monomer, essentially yielding different heteroatom-doped
carbon nitride materials. This can be unfavorable, but also can
favorably extend the range of applications, depending on the
specific chemistry.

It is worth noting that this way a new kind of boron- and
fluorine-doped polymeric carbon nitride solid has also been
synthesized by using butylmethylimidazolium tetrafluorobo-
rate as a soft template.”) These doped carbon nitride
materials exhibited outstanding mesoporous textural proper-
ties, with pore volumes and sizes equal to materials prepared
by the above-mentioned hard template routes. For example,
the sample CNBF-0.5 exhibits the largest specific Brunauer—
Emmett-Teller (BET) surface area of 444 m?g~' and a total
pore volume of 0.32m’g™', while micropores are again
essentially absent in these materials (Figure 3).
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Figure 3. a) XRD patterns of CNBF-r (r is the mass ratio of BmimBF,/
DCDA) for r=0.3 (black), 0.5 (red), or 1.0 (green); b) Typical TEM
image of CNBF-0.5; c) N, isotherms of the CNBF materials (see (a) for
color scheme); d) pore-size sistributions of CNBF-0.3 (black) and
CNBF-0.5 (red).

The textural construction was confirmed by analysis of
TEM images (Figure 3), which demonstrate the organization
of a mesoscale “morel-like” morphology, exhibiting the
narrow pore size distribution also confirmed by N, sorption
studies. Note that these boron- and fluorine-enriched meso-
porous materials exhibited excellent catalytic performance
for the selective oxidation of cyclohexane (discussed in
Section 5).

4.2. Chemical Functionalization of Carbon Nitride

Chemical modification is an effective strategy for tuning
physicochemical properties of the parent materials and
extends their applications.'™! One way of achieving this

control in solid materials is by elemental doping, a method
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usually used in tailoring the texture and surface chemical
properties, as well as the electronic properties of
carbon, ¥ TiO,, -2 and silicon.'! This heteroatom
doping strategy has also been applied to tune the carbon
nitride materials. Effects of doping carbon nitride with
boron,® fluorine,” sulfur,” and other elements are well-
documented.

4.2.1. Post-Functionalization

In terms of the chemical modification of carbon nitrides,
post-functionalization or post-treatment to introduce func-
tional groups onto the surface of carbon nitrides is a possible
approach. Postfunctionalization has for instance been used in
the modification of carbon nanotubes**'*! and fullerenes!"*!
and made them suitable for applications. As these carbon
nitride materials are rich in nitrogen, direct protonation while
adding a counterion is a very convenient modification route.
Indeed, carbon nitride could be reversibly protonated by
stirring with 37% HCI for 3 h at room temperature.”” After
protonation, the almost unchanged features of the XRD
patterns (two feature diffraction peaks at around 27° and 13°)
supports the preservation of the original C/N matrix
(Figure 4).

The protonation of carbon nitride tuned the electronic
bandgaps and led to higher ionic conductivity of carbon
nitride. Adding protons also improved its dispersion in
aqueous solutions which makes characterization and process-
ing easy. Furthermore, this method can be further extended
through a simple counteranion exchange.
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Figure 4. SEM images of a) as-prepared and b) regenerated g-C;N,.
Scale bars are 200 nm; c) photocurrent—applied-potential dependence
at a regenerated C;N,/ITO electrode in 0.1 M KCl under visible light.
Inset: Photocurrent biased at —0.2 V; d) Nyquist impedance plots for
g-C;N, and g-C;N,-H*Cl™ (data points) and simulation (lines). Fre-
quency range 106-103 Hz, perturbation signal 100 mV. Inset:
Expanded view of the dotted area and the equivalent circuit. The
calculated resistances (R,) before and after protonation were about 28
and 1.5 MQ, respectively.””! (Reproduced with permission from the
American Chemical Society, copyright 2009.)
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Another example of post-functionalization is a sulfur-
doped carbon nitride.”® Cheng and co-workers reported a
sulfur-doped carbon nitride (g-C;N,_,S,) by treating fresh g-
C;N, at 450°C in a gaseous H,S atmosphere. Homogeneous
sulfur doping was observed in the energy-filtered TEM image,
which also revealed a strong S contrast (Figure 5b). The
structural details on the incorporation of sulfur into the C/N
framework were obtained with XPS and XANES spectros-
copy, which suggested that C—S bonds formed in g-C;N,_,S,
by substituting sulfur for lattice nitrogen (Figure 5d). In a
similar fashion to protonation, sulfur doping also modified the
surface area and the morphology of g-C;N,, which is as such
relevant for catalytic applications.
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Figure 5. a) XRD patterns of C;N, (black) and C;N,_,S, (blue);

b) energy-filtered TEM images of carbon, nitrogen, and sulfur in C;N,
and C;N,_,S,; ) high-resolution XPS spectrum of sulfur recorded from
pristine surface of C;N,_,S,; d) atomic structure model of a perfect
graphitic C;N, sheet consisting of melem units, and two melem units
with a substitutional nitrogen atom at different periodic sites by sulfur
atom. Cyellow, N red, S green (site 1), S blue (site 2)."® (Reproduced
with permission from the American Chemical Society, copyright 2010.)

4.2.2. In Situ Synthesis of Modified Carbon Nitride

The second strategy involves the insitu synthesis of
modified carbon nitride. In this strategy, additive was added
before the lattice was formed, and heteroatoms such as boron
and fluorine or other grafts were incorporated into the matrix
in situ. One typical example is the synthesis of boron- and
fluorine-containing mesoporous carbon nitride polymers, as
mentioned above.[*” This approach employs the ionic liquids
with BF,™ as the anion from the many different ionic liquids.
This BF,” anion entered the C—N condensation process
during the self-condensation of an organic precursor, for
example dicyandiamide.

In an analogous study, the ionic liquid 1-butyl-3-methyl-
imidazolium hexafluorophosphate (BmimPF,) was selected
as a mild phosphorus source for doping carbon nitride. This
phosphorus doping provides not only a much better electric
conductivity of up to four orders of magnitude but also an
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improvement in photocurrent generation by a factor of up to
5 (Figure 6).

This ionic-liquid-based method can be extended to
incorporate other heteroatoms by changing the anion or
cation of the ionic liquids into C,N-based materials, which
opens up the possibility of designer material synthesis for
specific applications.
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Figure 6. a) UV/Vis spectra and b) electrical conductivity of P-doped
and pristine g-C;N,. Inset: photographs of g-C;N, (left), P-C;N,-0.1
(middle), and P-C3N,-0.3 (right); ) current—potential curve of P-doped
and pristine g-C;N, photoelectrodes in 0.1 M aqueous KC| under
chopped visible light (A >420 nm, 150 W Xe lamp, chopping frequency
0.5 Hz, scan rate 10 mVs™").F” (Reproduced with permission from the
American Chemical Society, copyright 2010.)

In a further set of experiments, carbon nitride materials
separately doped with boron and fluorine were synthesized
using aminoborane and ammonium fluoride as co-monomers.
Fluorination was accomplished on the freshly thermally
induced condensation of dicyandiamide.”! Both XPS and
solid-state MAS NMR spectroscopy indicated the incorpo-
ration of fluorine atoms into the CN matrix as C—F bonds
(Figure 7), which results in a partial conversion of sp? C to
sp® C in the carbon nitride matrix and may further lead to a
lower plane order of the materials. Compared with unmodi-
fied g-C;N,, the graphitic stacking as revealed by XRD is
much weakened after fluorination (Figure 7).

The use of aminoborane-modified g-C;N, by replacing the
carbon atoms in the network by boron, forming a planar
layered configuration like melon. Here, the planar hetero-
cyclic macrocycle structure is still present, while the boron
sites on the surface might act as strong Lewis acid sites, thus
complementing the basic nitrogen sites in bifunctional
catalysis.’*! Structural details on the incorporation of boron
into the C/N matrix were obtained with "B solid-state MAS
NMR and XPS experiments. The ''B NMR spectrum gives
two peaks, which indicates two different positions in the
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Figure 7. a) XRD patterns and b) UV/Vis spectrum of g-C;N, and CNF-
x, and the optical bandgap (E,) of g-C;N, and CNF-2.0 (b, inset);
c) XPS spectra of CNF-2.0; d) '°F solid-state MAS NMR spectra of
CNF-2.0.P" (Reproduced with permission from the American Chemical
Society, copyright 2010.)

framework structure, say as corner boron and bay boron
(Figure 8).

Other modification methods include the copolymeriza-
tion of the nitrogen precursor (for example dicyandiamide)
with other organic additives, such as barbituric acid.'?!! In
contrast to inorganic modification methods, the modified
carbon nitride based on organic copolymerization shows a
remarkable red-shift of the optical absorption from 470 to
750 nm with increasing barbituric acid content, which would
allow photochemical application of wavelengths in which the
solar photon flux is maximal (Figure 9).
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Figure 8. a) XRD patterns of the B-doped and pristine g-C;N,; b) ''B
solid-state MAS NMR spectra of CNBy;; (inset: the building unit of
C;N, with B-doping at the bay-carbon site (right) and at the corner-
carbon site (left)); c) XPS spectra of CNBy;5.5* (Reproduced with
permission from the Royal Society of Chemistry, copyright 2011.)
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Figure 9. Top: UV/Vis diffuse-reflectance spectra of g-C;N, and CNB
samples (in the direction of the arrow: g-C;N,, CNBg s, CNBy;, CNBy,,
CNBy;s5, CNB, 4, and CNB,). Bottom: a typical TEM image of the
lamellar mesostructure of CNBg .2

Apart from covalent atom doping, metal salts can also be
dissolved into the nitrogen cavities of the matrix of g-C;N,.
Kawaguchi and co-workers first reported the synthesis of
metal-modified carbon nitride in 1995.1% They suggested that
the proposed structure of carbon nitride contains a hole that is
surrounded by three amino radicals in a unit cell. This hole
was expected to allow incorporation of certain chemical
species, for example metal atoms. They heated the
[(C5N;),(NH);], powder with metal chloride (for example
AlCl; or ZnCl,) at 500°C for one hour, which led to a
yellowish material. The IR spectrum of the metal-modified
material was very similar to the host carbon nitride material,
which supported the retention of the host framework.
Although the broadening and weakening of (002) diffraction
had been observed in the metal-loaded material, its position
did not move, which suggested a similar graphitic stacking
structure as the host material. Within the nitrogen “pots”,
large amounts (up to 59wt%) of metal can be partly
incorporated. No diffraction of metal (Al or Zn) or metal
salt (AICl; or ZnCl,) was observed in the XRD patterns. This
result suggested that the metal has been homogeneously
inserted into the matrix of the host material. On the other
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hand, only minor amounts of the counterions are found in the
matrix, which means that the negative charges have to be
taken up by the CN framework.

In a similar fashion, iron ions were also found to be
included into the carbon nitride matrix without destroying the
graphitic structure of the host.'*”? XRD patterns and optical
absorption spectra studies indicated that the incorporation of
iron into the matrix of carbon nitride strongly modified the
electronic properties of carbon nitride, and provided systems
with additional new functionality (Figure 10).

5. Applications of Carbon Nitride

Carbon nitride has interesting properties, such as good
accessibility at a low price, a high thermal and chemical
stability, and amenability to chemical modification, which
makes it suitable for a range of applications. Even in this early
stage, carbon nitrides together with their modifications have
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Figure 10. Comparison of a) XRD spectra and b) optical absorption
spectra for g-C;N, with those of Fe/g-C;N, hybrids with varying Fe
content. Inset in (a): enlarged XRD spectra of 15% and 20% Fe/g-
C;N,. Arrow direction in (b): g-C;N,, 1%, 3%, 5%, 10%, 15%, and
20% Fe/g-C;N,. The bandgap is shifted towards lower energies in the
hybrid materials. Inset in (b): optical spectrum of 10% Zn/g-C;N,,
which also demonstrates narrowing of the g-C;N, bandgap by the
metal inclusion.""”
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already found numerous applications in relevant fields of
chemistry.*425318] Tp the following section, we will summa-
rize some of the recent, most remarkable examples.

5.1. Carbon Nitride as a Photocatalyst for Water Splitting

Direct water splitting using a photocatalyst with visible
light is a silver bullet to produce hydrogen fuel, thus
converting sunlight into storable and transportable
energy.'"*" To date, studies on heterogeneous photocatal-
ysis have mainly focused on the development of materials
with a sufficiently small bandgap and suitable band positions
for overall water splitting, accompanied by adequate stability
for practical applications.">!! Most of these semiconductor
materials were solely inorganic and metal-based, comprising
metal oxides, nitrides, sulfides, and phosphides and their
mixed solid solutions.'” Owing to its structural and elec-
tronic properties, g-C;N, contains all the prerequisites
required for a heterogeneous photocatalyst; it has the correct
electronic structure with an appropriate bandgap of 2.7 eV,
corresponding to an optical wavelength of 460 nm. This
bandgap is sufficiently large to overcome the endothermic
character of the water-splitting reaction, which normally
requires four photons with a average energy of 1.23eV.
Moreover, g-C;N, exhibits an appropriate microstructure,
with surface termination with defects and nitrogen atoms for
electron localization or for anchoring the active sites. Most
importantly, both the HOMO and the LUMO encompasses
the oxidation and reduction potential of water (Scheme 4),
that is, the electron vacancy (“hole”) in the HOMO is
sufficiently reactive to oxidize water to oxygen, while the
electron in the LUMO has enough reduction potential to
reduce water to hydrogen.”” This is a rare if not lucky case for
an organic semiconductor structure. For example, a recent
breakthrough was achieved by the use of this material as an
efficient and inexpensive photocatalyst for water splitting
under visible light in the presence of external redox
agents.[53‘153]

A g-C;N, catalyst exhibits activities for water reduction
into H, or water oxidation into O, in the presence of a proper

02

Photoreduction
Photoreduction
Oy*
H*
hv
C : Products

VB Photooxidation

Substrates

Scheme 4. Strategies to realize visible-light-induced photocatalysis.
a) Hydrogen evolution from water; b) photochemical activation of O,;
c) photocatalytic oxidation or degradation of organic substrates.
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sacrificial electron donor or acceptor, even in the absence of
noble metal catalysts (Figure 11).°>!% To date however,
efficient and stable H, evolution could only be achieved by
modification of g-C;N, with a small amount of co-catalyst,
such as Pt. This is presumably due to kinetic effects, as
splitting of a Pt—H bond is much less kinetically hindered than
splitting of an N—H bond.

300

250 1
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150 4

100
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Amount of evolved hydrogen (umol)

50 75
Reaction time (h)

Figure 11. Stable hydrogen evolution from water by g-C;N,. A typical
time course of H, production from water containing 10 vol % trietha-
nolamine as an electron donor under visible light (of wavelength
longer than 420 nm) by a) unmodified g-C;N, and b) 3.0 wt% Pt-
deposited g-C;N, photocatalyst. The reaction was continued for 72 h,
with evacuation every 24 h (dashed line).

The estimated quantum efficiency of g-C;N, in the initial
experiment was still rather low (approximately 0.1% with
irradiation of 420-460 nm), even with the help of Pt. We can
attribute that to charge recombination by inner grain
boundaries and a nanostructure that is not optimized for the
lifetime of the photoexited charge pairs. The amenability to
mass preparation and chemical modifications of carbon
nitride provides further possibilities to adjust the electronic
and optical properties of this material.

A high dispersion of co-catalysts on the g-C;N, surface is
favorable (Table 1)."! For example, the complex bis(1,5-
cyclooctadiene)platinum, [Pt(cod),], was found to be a better
precursor than H,PtCl, because of better access of [Pt(cod),]
to the g-C;N, surface, which caused a better dispersion of Pt

Table 1: Photocatalytic H, evolution activities of g-C;N, modified with
various metal co-catalysts.”!

Entry Co-catalyst®! Steady rate of
H, evolution
[umolh™]

1 Ru 2.1

2 Rh 1.6

3 Pd 5.7

4 Ir 0.2

5 Pt 7.3

6 Au 3.7

[a] Reaction conditions: 0.1 g catalyst, aqueous triethanolamine reaction
solution (100 mL), xenon lamp (300 W) light source with cutoff filter,
top-irradiation reaction vessel. [b] 0.5 wt % loaded by an in situ photo-
deposition method.
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nanoparticles on g-C;N,. Modification with RuO, can
improve the stability against the self-decomposition of g-
C;N, and improves the O, evolution activity.' Au/g-C;N,
prepared by a deposition—precipitation method also shows
improved photocatalytic activity owing to the formation of
tight gold-semiconductor heterojunctions effectively promot-
ing the transfer of charge from light-exited g-C;N,."*¥
Recently, Ye and co-workers reported that the carbon nitride
polymer sensitized with N-doped tantalic acid showed a high
photocatalytic activity and good stability for hydrogen
evolution from an aqueous methanol solution under visible-
light irradiation, and up to 4.8% of the apparent quantum
yield was achieved at 420 nm.™

It can be expected that the modification of textural
structure of g-C;N, can in principle enhance the light harvest-
ing ability of the materials owing to its large surface and
multiple scattering effects. Indeed, the efficiency of hydrogen
production from the photochemical reduction of water could
be improved by 8.3 times by introducing mesoporosity into g-
C;N, (Table 2).0%]

Table 2: Textural properties and photocatalytic activity of Pt/mpg-C;N,
for the hydrogen evolution reaction with visible light.?

Entry Catalyst Surface area H, TOF®!

[m?g™] evolution rate %100
[wmol h™'] h7]

1 mpg-C;N.o 67 149 27

2 mpg-CiNyos 126 142 26

3 mpg-C;Ny 0 235 124 23

4 mpg-CNyps 373 69 13

5 g-CN, 8 18 3

6 g-CN, 10 19 3

[a] For reaction conditions, see Ref. [123]. [b] TON =turnover number.

As mentioned in Section 4, the electronic structure of g-
C;N, could be easily adjusted by doping with heteroatoms.
For example, the UV/Vis spectrum indicated that fluorine
doping gave rise to a decrease in bandgap from 2.69 eV for g-
C3N, to 2.63 eV for CNF-2.0 (for a sample with about 3 at %
fluorine in the structure; Figure 7). These band changes
brought about by fluorine doping are expected to modify the
redox properties and promote heterogeneous photocatalysis.
Indeed, the H, evolution of CNF-0.5 was about 2.7 times
higher than that of unmodified g-C;N,.PY Another typical
example is the modification of the polymeric subunits by
copolymerization with barbituric acid.'"!! These copolymer-
ization products show a remarkable red-shift of optical
absorption compared to g-C;N, from 470 to 750 nm with
increasing barbituric acid content, and an improvement in H,
evolution activity, both under UV irradiation and especially
with visible light. The maximal H, evolution activity comes
from the most weakly doped sample, which shows a 4.5-fold
higher activity than that of unmodified g-C;N,.

Very recently, Cheng and co-workers found that the
sulfur-doped carbon nitride has an electronic structure with
an increased valence bandwidth in combination with an
elevated conduction band minimum and a slightly reduced
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Figure 12. a) A typical time course of hydrogen evolution from water containing 10 vol %
triethanolamine scavenger by a) Pt-deposited C;N, and b) C;N,_,S, under 4> 300 and
420 nm, respectively; b) dependence of hydrogen evolution on wavelength by C;N,_,S,.
For comparison, a UV/Vis absorption spectrum of C;N,_,S, is also given. c,d) Activity
comparison of the photooxidation process for phenol by C;N, (black) and C;N,_,S, (blue)
under A >300 and 400 nm illumination, respectively.”® (Reproduced with permission

from the American Chemical Society, copyright 2010.)

absorbance (Figure 12).°¥ Collectively, these features result
in a unique electronic structure that is highly efficient in
promoting visible-light photoreduction. This sulfur-doped
carbon nitride shows improved photocatalytic activity evolu-
tion from an aqueous triethanolamine solution; the photo-
activity of H, evolution is 7.2 and 8.0 times higher than that of
bare g-C;N, for more than 300 nm and for 420 nm, respec-
tively.

Following a related strategy, our group found that a sulfur-
mediated synthesis offers an effective approach to modify the
texture, optical and electronic properties, and photoreduction
and photooxidation.”” Contrary to other modifications,
sulfur-mediated synthesis even lowers the HOMO of the
organic semiconductor structure, that is, makes it more stable
and therefore the hole in the band structure more oxidative.
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Figure 13. Oxygen evolution by g-C;N,, mpg-C;N,, and CNSg, as a
function of time under a) UV and b) visible-light illumination.
(Reproduced with permission from the Royal Society of Chemistry,
copyright 2011.)
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dye structure. For example, Domen and co-
workers deposited magnesium phthalocya-
nine (MgPc) to the mpg-C;N, which expands
the absorption to the Q band (Figure 14).1%
The as-obtained MgPc/Pt/mpg-C;N, showed
stable photocatalytic evolution of hydrogen
from an aqueous solution containing TEOA
as a sacrificial reagent, resulting in a quantum
efficiency of about 5.6% at 420 nm. It is
worth noting that the photocatalytic test gave
hydrogen evolution even when irradiated at a wavelength
longer than 600 nm.
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MgPc
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Figure 14. Electron-hole separation in MgPc/Pt/mpg-C;N, photocata-
lysts. Band positions of mpg-C;N, were determined by photoelectron
emission spectroscopy in air and UV/Vis diffuse reflection spectrosco-
py (DRS)."® (Reproduced with permission from the Royal Society of
Chemistry, copyright 2010.)

5.2. Carbon Nitride as a Catalyst for the Oxidation Reaction

Catalytic oxidation is an important method for bringing
functionality into petroleum-based feedstocks, and it is often
the first step to high-value fine chemicals, agrochemicals, and
pharmaceuticals.*” Traditional methods of many fine-chem-
ical oxidations involve stoichiometric quantities of toxic and
expensive metal reagents and oxidants.**'* For economic
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and environmental reasons, the oxidations using transition
metals as catalysts and permanganate or dichromate as
oxidants are regarded as typical examples of unsatisfactory
processes that need immediate replacement.'® The ideal
system for sustainable oxidation is the use of molecular
oxygen or hydrogen peroxide as the primary oxidant together
with recyclable metal-free catalysts in nontoxic solvents. In
the development of metal-free oxidation catalysis, carbon
nitride is a key catalyst and it can be anticipated that in the
near future the practical oxygen oxidations will be associated
to the use of carbon nitride. Recent work has indeed shown
that carbon nitride or its modifications are suitable metal-free
catalysis in oxidation of for example alkanes,*>>">¥ olefins,['!]
and alcohols.”®

5.2.1. Oxidation of Alkanes

The conversion of alkanes into oxygen-containing com-
pounds is one of the most important and fundamental
transformations in industrial chemistry.’) Higher alkanes
and alkyl aromatic hydrocarbons can be oxidized by heating
them under oxygen at rather high temperatures through a
radical-chain autooxidation.'”” However, the autooxidation
is characterized by a lack of selectivity. Therefore, industrially
performed catalytic oxidation reactions often suffer from
drawbacks such as poor selectivity owing to over-oxidation,
lack of catalyst recycling, and negative environmental impact
because of the use of toxic metal catalysts.[!216]

Phenol is an important commodity chemical.l'**!%] In
industry, most phenol has been produced from benzene by the
three-step cumene process, which generates high amounts of
waste.['"! The ideal process should be the direct oxidation of
benzene to phenol with clean oxidants, such as molecular
oxygen or hydrogen peroxide (Scheme 5).1"/ In this regard, it
was recently found that carbon nitride is indeed an active
metal-free photocatalyst for the high selectivity direct oxida-
tion of benzene to phenol under mild conditions.**

OH

H,0,

Scheme 5. Direct oxidation of benzene to phenol.

Using hydrogen peroxide as a clean oxidant, at a reaction
temperature of 60 °C and under the irradiation of visible light
(A>420nm), fluorine-doped carbon nitrides showed
improved activities compared to bare g-C;N,. With g-C;N,
as catalyst, phenol was formed with a very low turnover
frequency (TOF) of 0.006 h™!, which can be enhanced to a
TOF of 0.125 h™! using CNF-2.0."" Notably, the TOF could be
greatly improved by using iron-doped carbon nitride.'>*1®]
For example, under the same reaction conditions, a TOF of
14.84 h™" was achieved by using Fe-g-C;N,/SBA-15 as photo-
catalyst.
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Oxidation of cyclohexane to cyclohexanone is another
reaction of industrial important, as cyclohexanone is inter-
mediate in the production of caprolactam and adipic acid,
which are used to manufacture of nylon 6 and nylon 66,
respectively."®! The industrial process used cobalt naphtha-
noate as catalyst and acetic acid as solvent. Operating at a
temperature of about 150°C, selectivity in the range 70-90 %
at 5% conversion are typically achieved.*>!27"l Recently,
boron- and fluorine-enriched carbon nitride was found to
promote the oxygenation of cyclohexane with a selectivity of
over 90 % at conversions of about 1-8 %. Notably, CNBF-1.0
afforded 100% selectivity towards the formation of cyclo-
hexanone at 5.3% conversion.[*”!

Other alkanes have also been subjected to oxidation in the
presence of carbon nitride catalysts, including toluene, ethyl-
benzene, and some substituted benzylic aromatics
(Scheme 6). The activity of bulk g-C;N, is very low in the
oxidation of toluene and ethylbenzene, while doping of boron
atoms in the matrix of carbon nitride promotes the catalytic
oxidation activity of carbon nitride. For instance, the g-C;N,
itself gave minor conversion of 2% in the oxidation of
toluene, whereas CNB, ;5 gave a conversion up to 6.3% at
100% selectivity toward benzaldehyde.™

H,0,

—_—
CNB

x

H,0,
—
CNB,

Scheme 6. Oxidation of toluene and ethylbenzene using boron-doped
carbon nitride.

;
.

This high selectivity toward benzaldehyde or acetophe-
none is very relevant to industrial applications. In industry,
the conversion of toluene has to be kept at less than 4% to
attain 70 % selectivity of benzaldehyde and to avoid the
formation of carboxylic acid; however, heavy-metal catalysts
as well as high temperature above 200°C are used. Thus, it
seems that a boron-doped carbon nitride could be a feasible
solution. The main limitations are maintenance of high
selectivity at a conversion above 8% and avoidance of
catalyst deactivation.

From the environmental point of view, reactions based on
the use of oxygen as oxidizing reagent, forming water as a by-
product, will be even a more preferable process. It seems that
bare carbon nitride is inefficient in promoting inert hydro-
carbon (for example cyclohexane) oxidation by oxygen,
which is presumably due to its rather mild oxidation potential
as determined by its HOMO position. Nevertheless, oxidation
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of hydrocarbons with an activated benzylic position went
smoothly, even with O, as the oxidant. Again, the boron-
doped carbon nitrides show improved catalytic activity, but
even bare carbon nitride gave good conversions and high
selectivity using molecular oxygen as clean oxidant (Table 3).

Table 3: Oxidation with molecular oxygen of substituted aromatics to
ketones using CNBy ;5 as metal-free catalyst.”

Entry Substrate

D OO o

Main Product BDEF! T[°C] Conv.[%] Sel. [%]

81 160  20.3 95.1
2 80 130 457 >99.0

o]

4 CO Qé 83 130 722 87.5
o]

5 ©:> Cé 82 115 367

[a] Reaction conditions: 1 mmol substrates, O, pressure 1 MPa, 50 mg
catalyst, 4 mL acetonitrile, reaction time 24 h. [b] a._;, bond dissociation
energy from the literature. [c] Using g-C;N, as a catalyst.

>99.0

Although g-C;N, or its modifications can in principle
catalyze the oxidation of alkanes, the conversion rates are in
general very low. Considering the importance of alkane
oxidation in industry, much effort still has to be devoted to
optimize g-C;N, or its modifications as catalysts, promoters,
and to optimize reaction conditions.

5.2.2. Oxidation of Olefins

Classical alkene oxidation methods described in the
literature are also far from being environmentally benign
and significant amounts of undesirable by-products form.['"!]
For example, even using an enzyme (P450LM2, a rat liver
microsomal enzyme) as catalyst, the oxidation of cyclohexene
produces cyclohexene oxide and 2-cyclohexen-1-ol in almost
equal amounts.'”? In recent years, the model systems that
have been developed based on metalloporphyrins seems
effective, but the oxidative degradation of the metallopor-
phyrin catalysts makes them impractical for routine oxidative
catalysis, either in academic labs or in industry."™

During our continuing studies into selectivity and sustain-
able oxidation, we recently found that carbon nitride is also
an efficient catalyst for the (partial) selective oxidation of
alkenes."" In the oxidation of cyclohexene, exceptionally
high selectivity toward allylic substitution was found by using
molecular oxygen as the oxidant. Representative data are
given in Figure 15. From the trend indicated in Figure 15, the
alternative reaction channel towards cyclohexene oxide is
minor, and the final oxidation product would be cyclohexene-
2-one. The formation of the allylic products 2-cyclohexene-1-
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Figure 15. Cyclohexene conversion and selectivity in allylic oxidation
and epoxidation products with the reaction time at 110°C and 1 MPa
Po,- W conversion of cyclohexene, @ selectivity of allylic oxidation
products, A selectivity of 2-cyclohexene-1-one, # selectivity of 2-cyclo-
hexene-1-hydroperoxide, * selectivity of cyclohexene oxide.

one and 2-cyclohexene-1-hydroperoxide show the preferen-
tial attack of the activated C—H bond over the C=C double
bond in the oxidation of cyclohexene.

5.2.3. Oxidation of Alcohols

The oxidation of primary alcohols to aldehydes is another
elementary reactions that is of fundamental importance in
both the laboratory and commercial procedures."’*'7*) Many
oxidations of this type are carried out using corrosive and
stoichiometric oxygen donors, such as chromate or perman-
ganate, and generally transition-metal catalysts.'"””'1 In
recent years, heterogeneous photocatalysis has developed
into a promising method for a number of chemical reactions
that use sunlight.'"*!® As mentioned above, g-C;N, has an
appropriate bandgap of 2.7 eV (the top of the valance band is
1.4 V and the bottom of the conduction band is —1.3 V versus
the normal hydrogen electrode, respectively).”*! This feature
allows its direct use in photochemical activation of O, and
organic compounds in which g-C;N, was used as a photo-
catalyst to absorb light, with the generated charge couple to
activate oxygen, for instance for the oxidation of ben-
Zene.[51,168]

This photocatalysis system can be easily extended to other
oxidation reactions, for example to the oxidation of alco-
hols.®l Indeed, our recent work shows that light-excited
mesoporous g-C;N, can activate molecular oxygen for the
oxidation of alcohols to aldehydes/ketones with high selec-
tivity.”® Thus mgp-C;N, catalyzes the oxidation of benzyl
alcohol to benzaldehyde with more than 99 % selectivity and
57% conversion under visible-light irradiation for 3h at
100°C (Table 4). A study on the effect of substitution on the
aromatic ring shows both the electron-withdrawing and
electron-donating substituent enhanced the rate of the
reaction (Table 4).

Further electron spin resonance (ESR) experiments
suggested the formation of the ‘O,  radical by electron
transfer from photoactivated mpg-C;N, under visible-light
irradiation, while the hole directly dehydrogenates the
alcohol (oxidative dehydrogenation).
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Table 4: Selective oxidation of alcohols.

OH  1bg-C4Ny, O, (8 bar), 100°C i

R! R2 light, trifluorotoluene R’ R2
R' R? t[h] Conv.[%]  Sel. [%]
1 pentyl H 3 57 >99
2 pentyl CH, 3 77 >99
3 4-methylphenyl H 3 86 908!
4 4-chlorophenyl H 3 79 >99
5% 4-methoxyphenyl  H 1.8 100 950
6 4-methylbenzoate  H 3 80 >99
7 PHCH=CH, H 3 92 641
8 pentyl CH, 5 35 >99
9 pentyl cyclopropyl 3 32 908

[a] Acid (10%) was formed. [b] 4-Methoxybenzylalcohol 0.65 mmol.
[c] Acid (5%) was formed. [d] Benzaldehyde (36 %) was detected. [e] 1-
(1,2-Dicyclopropyl-2-phenylethyl)benzene (10%) was formed.

5.2.4. Oxidation of Heteroatoms

Apart from C—H and O—H oxidation, N—H oxidation is of
considerable interest as it allows generation of a number of
active nitrogen containing compounds as intermediates of
various chemically and biologically significant molecules, for
example drugs."®!82 Under the illumination of visible light,
mpg-C;N, can also promote the oxidation of amines into
imines, which then undergo consecutive reactions. Under
optimized conditions, complete conversion of benzylamine
into N-(benzylidene)benzylamine was obtained in 3.5 h. Note
that this strategy could be successfully extended to other
substrates, such as heterocyclic amines containing nitrogen
and sulfur atoms, which usually poison most metal catalysts.
Specifically, a simple and efficient synthesis of benzoxazoles,
benzimidazoles, and benzothiazoles could be realized through
a one-pot synthesis by this photocatalytic cascade reaction
with high yields (Table 5).115¥

5.2.5. Photodegradation of Pollutants

The oxidation of the organic pollutants into CO,, water,
and other non-hazardous compounds using O, as a clean
oxidant is one of the few effective approaches to remove
organic pollutants rapidly and environmentally friendly.['*"
Recently, Zou and co-workers are able to degrade methyl
orange (MO) and rhodamine B (RhB) using g-C;N, as a
metal-free photocatalyst.” Their comparison studies showed
that the photodegradation activity of MO over g-C;N, is
mainly attributed to reduction process initiated by photo-
generated electrons (Scheme 4), while the degradation of
RhB over g-C;N, mainly originated from the oxidation by the
photogenerated hole. Boron doping for g-C;N, can improve
dye adsorption and light absorption and therefore promote
the photodegradation of RhB."**! The same group also
fabricated a C;N,-TaON composite photocatalyst by the
milling-heat-treatment method. This organic-inorganic het-
erojunction performed well in the photooxidation of RhB;
the good performance resulted from the suitably matching
conduction and valance band levels that improved the
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Table 5: One-pot aerobic coupling synthesis of benzoxaoles, benzimi-

dazoles, and benzothiazoles '3
HX
mpg-C3Ny, O,
o ~
visible light /OAN
R

intermediate

Entry R X t [h] Conv. [%)] Sel. [%)]
1 CH, o) 5 99 69
2 H 0 5 99 75
3ld H 0 5 99 24
4 cl le) 5 70 74
5 CH, NCH, 4 97 92
6 H NCH, 5 99 98
7 cl NCH, 5.5 98 91
8 OCH, S 4 9 97
9 H S 5 91 92
10 cl S 5.5 97 93

[a] Reaction conditions: substituted benzylamine (1 mmol), mpg-C;N,
catalyst (50 mg), 2-aminophenol (2-aminothiophenol or o-phenylenedi-
amine; 3 mmol), CH;CN (10 mL), 100°C, O, (0.5MPa). [b] Conversion
and selectivity were based on benzylamines. [c] 80°C; using the main
product of 2-hydroxybenzoimine.

I - + -

TaON  Interface g-C;N,

Figure 16. Electron—hole separation and transport at the visible-light-
driven organic-inorganic composite photocatalyst interface and in both
semiconductors. E¢ is the contact electric field for the two materials;
Eg is the potential barrier in the interfacial depletion layer (Ez < Ec
during a photocatalytic reaction); E; and E, are the internal electric
fields induced by the redistribution of the spatial charges in TaON and
C;N, particles, respectively.® (Reproduced with permission from the
Royal Society of Chemistry, copyright 2010.)

separation efficiency of photogenerated electron—hole pairs
(Figure 16).118]
5.3. Applications in Hydrogenation Reactions

An organic semiconductor that can photochemically
liberate hydrogen can of course also run the inverse reaction,

a hydrogenation reaction. Owing to the kinetic hindrance of
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splitting covalent organic bonds discussed before, it helps to
anchor an appropriate metal nanoparticle such as Pd on the
surface of mpg-C;N,, thus creating the semiconductor-metal
heterojunction Pd@mpg/C;N,. The high number of nitrogen
atoms in the networks of carbon nitride favors the tight
coordination and thus stabilization of metal particles, which is
expectedly much higher than in corresponding carbon-
supported noble-metal catalysts.

One recent study has shown this quite illustratively:
highly-dispersed Pd nanoparticles were introduced as a
functional moiety into a mpg-C;N, framework

(Figure 17).%1 All of the Pd particles were about 3 nm in
size, well-separated from each other, and stable throughout
the consecutive reactions. The hybrid material, Pd@mpg/
C;N,, was subsequently used as a catalyst for the hydro-
genation of phenol.

2 34 5
Particle size (nm)

Figure 17. a) STEM, b) HRTEM, c) TEM, and d) particle size distribu-
tion (PSD) of Pd@mpg-C;N,. Inset in (b): local fast Fourier Transform
(FFT).'®! (Reproduced with permission from the American Chemical
Society, copyright 2010.)

Prior research on the one-step hydrogenation of phenol to
cyclohexanone showed that cyclohexanone is, under standard
conditions, a reactive intermediate and was easily further
hydrogenated to cyclohexanol, and high selec-
tivity (>95%) at elevated conversion (>80 %)
is a great challenge.'® 171381 pd@mpg-C;N, was
shown to be highly active in hydrogenation and
promoted the selective formation of cyclohex-
anone even under an atmospheric pressure of H

[V

& led
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observed reaction rates are generally much higher than those
obtained with a classical PA@C complex, which also gives low
selectivity toward cyclohexanone in general and requires the
use of additives.!"*>'¥]

Significantly, the Pd@mpg-C;N, catalyst can also be
successfully applied to other hydroxylated aromatic com-
pounds with both high conversion and selectivity (>99%).
Hydrogenation of hydroquinone and pyrocatechol yielded
the synthetically very valuable hydroxycyclohexanones. Inter-
estingly, in the case of resorcinol, the obtained product is not
hydroxycyclohexanone but the reductive dehydration product
cyclohexanone. The high selectivity towards ketones was
attributed to the phenol being adsorbed in a nonplanar
fashion over basic sites, which gives rise to cyclohexanone
(Scheme 7). The interaction of phenol with the surface
through the hydroxy group to form strong O—H-N or O—
H---m interactions was also regarded as a factor that affected
the selectivity.

5.4. Applications as a Basic Catalyst

The development of new basic solid materials is a rapidly
expanding area. The incorporation of nitrogen atoms in the
texture of polymers and carbon materials gives rise to basic
function which dictates the basic catalytic performance of the
material. Vinu and co-workers reported the use of highly
ordered mesoporous carbon nitride nanoparticles with very
large surface areas as basic catalysts for the transesterification
of keto esters.> The catalyst is highly active and affords a
high yield of the corresponding esters in a short time. The
same group also demonstrated that gold nanoparticles
deposited into N-containing carbon materials can be used as
a highly active, selective, and recyclable heterogeneous
catalyst for coupling benzaldehyde, piperidine, and phenyl-
acetylene to the corresponding propargylamine, which is
otherwise generally catalyzed by using strong bases such as
butyllithium, organomagnesium reagents, or lithium diiso-
propylamide (Scheme 8).1*%

5.5. Application in NO Decomposition

Platinum and palladium are effective catalysts for NO,
reduction, but these noble metals are expensive.'”!! Zhu and
co-workers recently reported that g-C;N, is a promising
candidate in environmentally friendly catalysis for NO
decomposition. The g-C;N, itself is active for NO decom-

N U owy

H H
H

hydrogen and under aqueous conditions. For
example, the catalytic hydrogenation of phenol
with 5 mol% Pd@mpg-C;N, in water at 65°C
proceeded with 99 % conversion in 2 h and more
than 99% selectivity for cyclohexanone. The
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Scheme 7. Possible reaction mechanism of phenol over Pd@mpg-C;N,. (Reproduced
with permission from the American Chemical Society, copyright 2011.)

www.angewandte.org

83


http://www.angewandte.org

Angewandte

84

Reviews

Au MCN
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Scheme 8. Catalytic activity of gold-nanoparticle-encapsulated mesopo-
rous carbon nitride in the three-component coupling reaction of
benzaldehyde, piperidine, and phenylacetylene for the synthesis of
propargylamine.

position but with a low conversion. Enhanced conversion was
observed when metal ions such as Zn or Au were introduced
in the matrix of carbon nitride (Table 6).1'?

Table 6: NO conversion measured from the investigated catalysts at
different temperatures.

NO Conversion [%]

Catalyst 400°C 450°C 475°C 500°C
g-GN, 0.14 3.46 5.03 15.06
g-C3N 2.14 18.58 33.33 46.25
Zn-g-GN, 10.83 32.37 48.31 69.40
Au-g-C;N, 26.88 23.01 26.59 41.05

[a] g-C;N, was synthesized in basic medium prior to the calcination step.

5.6. Activation of m-Bonds and Aromatic Systems

It was already indicated above that g-C;N, not only
activates benzene but also favorably interacts with the various
double- and triple-bond reactants.® In the cited research, g-
C;N, was employed as an effective catalyst for the cyclo-
trimerization of various nitriles into triazine derivatives and
the cyclization of functional alkynes. Cyclotrimerizations of
triple bonds are usually very exothermic reactions because
they result in the formation of an aromatic system, but such
reactions are rarely realized practically because of very high
activation energies. Using carbon nitride catalysis, slow
reactions, with however moderate to high yields, were
observed. It was speculated that while alkenes were activated
by electron donation (as is the case for benzene), nitriles
interacted with the edges of the C;N, sheets by multiple
hydrogen bonding, which provided the catalyst with a very
marked substrate selectivity. This was exemplified by the fact
that pyrazine carbonitrile was one of the fastest reacting
nitriles, while benzonitrile, which has very similar electronic
properties and steric hindrance, did not react. Interestingly,
the different catalytic modes develop differently with degree
of condensation and with optimization of packing. While
electronic properties are best for a structure with optimal
condensation and not too small structural features, all
catalysis reactions that rely on functional groups and edge
termination are more efficient with less-ordered, polymeric
carbon nitride species and higher surface areas.

Friedel-Crafts (FC) acylation is a typical aromatic C—H
activation process. Mesoporous samples of C;N, with varying
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surface area were analyzed for this specific reaction,” and it
turned out that the reactivity essentially depends on both the
surface area and an optimal degree of condensation. The
major advantage of such a metal-free catalysis is that it
inherently allows the presence of functional groups in the
reactants or leaving groups; such functional groups usually
passivate the metal catalyst. The use of carboxylic acids or
alcohols as electrophiles lies at the heart of current efforts to
render Friedel-Crafts reactions more sustainable, which had
previously proved to be rather difficult.**!*1%! In contrast,
the use of mpg-C;N, as a catalyst indeed allowed such a
flexible reactant choice. In particular, OH or NH, groups
could be used as leaving groups, thus allowing for an effective
low-temperature alkylation with alcohols or quarternary
amines or even a cyanation with urea.''! Scheme 9 depicts
some of these unusual reaction pathways promoted by carbon

nitride.

MeOH

Me,;V
rmic Acid

: /O

Urea
Scheme 9. Some possible Friedel-Crafts-type reactions catalyzed by
mpg-C;N, using sustainable electrophiles.

iPrOH
—_

T

For the Friedel-Crafts reaction, tempering carbon nitride
at 600°C and an increase in organization and condensation
seemed to improve the catalytic activity, which was inter-
preted in that the semiconductor properties drive the reaction
by electron transfer to the aromatic system.

It is interesting to see that many of these reactions
employing new functionalities for reaction indeed appear to
be biomimetic or “enzyme-like”, and it is an interesting
question as to why C;N, especially is suited for those
reactions. One answer may be that a whole number of
cyanide-based, nitrogen-rich, conjugated organic molecules,
such as nucleic acids and porphyrins, are “molecular fossils”
that existed before life begun.!*")

Angew. Chem. Int. Ed. 2012, 51, 6889


http://www.angewandte.org

Graphitic Carbon Nitride

6. C,N, Beyond C;N,

A necessary and even highly relevant question is if g-C;N,
is in any way peculiar, or if this is just one specific case of a
broader range of heterogenous organocatalyst. In our opin-
ion, experiments already surely point to the second possibility.
There are many ways to substitute carbon by nitrogen in
graphite or nanotubes in a regular fashion, and the name
“carbon nitrides” can stand for a much larger family of related
compounds (say C;N3, C3N,, C;N, CsN, C; N3, etc.), all being
potentially condensed from appropriate monomers. This
opens new possibilities to form catalytic polymers, scaffolds,
and solid materials with new and protentially exciting
chemical reactivities.

In some of the applications discussed above, enhanced
thermal treatment beyond the stability point and/or copoly-
merization of carbon nitrides already lowered the nitrogen
contents substantially, but nevertheless resulted in highly
active catalysts (see for example Refs[129,130]). Another
well documented case to complement this family is the so-
called “nitrogen-doped carbons”, where just minor parts of
the carbon framework are replaced by nitrogen. Nitrogen-
doped carbon materials are already known to act as metal-
free catalysts for oxygen reduction (for some recent contri-
butions, see Refs [197-199]), but still on a less competitive
level. Following the present concepts, we described the
(metal-free) synthesis of nitrogen-doped carbon materials
by heating non-volatile ionic liquids featuring dicyanamide
anions to temperatures of 1000°C.*2!l Carbon materials
with nitrogen contents as high as 10.4 wt% were obtained
with an electronic conductivity and oxidation stability supe-
rior to pure graphitic carbon.?™” These observations go
well with the many other positive observations of improving
electronic and mechanical properties of bulk carbon materials
by N-doping.”*2%! In that work, it was also shown that the
density of states at the Fermi level, D(Eg), and the work
function will increase linearly with increasing nitrogen con-
tent, creating a metal-like conductivity. As nitrogen also
improves the HOMO position towards higher nobility, N-
doped carbon materials were already called “noble carbons”
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(as it compares with the effect of for example, chromium in
noble steel). The combination of nobility, base character, and
metallic behavior can indeed be regarded as an excellent
starting point for a variety of catalytic applications.

In this context, simple (nitrogen-rich) nucleobases were
used as effective functional comonomers in ionic liquid
condensation, and N-doped carbon materials with more
than 14 wt% nitrogen were obtained.”” This corresponds
to a formal “C4N”. This metal-free catalyst was cast into a
mesoporous structures and turned out to be highly active for
the electrochemical reduction of oxygen (ORR), with activ-
ities in alkaline solution that were competitive to Pt@C, the
classical fuel cell catalyst (Figure 18a)

This case illustrates well the case of N-doped carbons, as
without metal-like conductivity and high chemical inertness,
application in a fuel cell reaction would be impossible.
Furthermore, the system turned out to be insensitive against
methanol spillover (Figure 18b), the classical weakness of all
Pt-based catalysts, which is naturally absent for all carbon
materials. A C\N-based electrocatalyst continues to work,
while the Pt-based catalyst is poisoned and dies.

7. Conclusions and Outlook

Since the first use of g-C;N, as a metal-free heterogeneous
catalyst in 2006, thenumber of studies on the catalytic,
electrocatalytic, and photocatalytic performance of carbon
nitride are steadily increasing. In this Review, we have
discussed the elucidation of its peculiar structure and
characteristics, discussed different pathways for its modifica-
tion, and presented applications in sustainable chemistry. It is
the peculiarities of modified carbon nitrides that make them
heterogeneous organocatalysts, that is, they catalyze reactions
by organic interactions and activation. Furthermore, carbon
nitride is a medium-bandgap semiconductor, with both the
HOMO and LUMO position in a range which makes it a mild
electron transfer agent with powerful chemical potential.

As mentioned above, in many examples carbon nitride or
its modifications have provided new opportunities in practical
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Figure 18. a) Polarization curves on a glassy-carbon rotating-disk electrode for N-doped carbon materials, compared with 20 wt% Pt/C.
Conditions: O,-saturated 0.1 M KOH at a scan rate of 10 mVs™' and rotation rate of 1600 rpm; b) Current-time (i—t) response of meso-EmG and
20 wt% Pt/carbon at —0.26 V in 0.1 M KOH saturated with N, (0-1000s), O, (1000-2000 s), and O,-saturated 3 M CH;OH (2000-3000 s).**’!
(Reproduced with permission from the American Chemical Society, copyright 2010.)
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applications, including artificial photosynthesis, oxygenation
and reduction reactions, base catalysis, as well as aromatic
activation or activation of double and triple bonds. Compared
with traditional heterogeneous catalysts or catalyst supports,
carbon nitride has many advantages, such as being metal-free,
good thermal and chemical stability, tunable electronic
structure, and it is abundant and cheap. Therefore, intensified
interest can be foreseen in carbon nitride for sustainable
chemistry, and further systematic work is needed. The
catalytic rates of carbon nitride are still very low when
metal-free carbon nitride was used, and this was attributed to
the role of covalence in the reversible bonds to be formed and
split.

Going forward, we believe that “enzyme-like” multifunc-
tional modifications of carbon nitrides, in particular as
functional pores, are a way to improve the performance of
metal-free carbon nitride. Another target should be to
establish the correlations between the carbon nitride struc-
tures and the catalytic activity in relevant reactions. It is still
not very clear how carbon nitride interacts with reactants and
products and how carbon nitride really influences the relevant
reactions. To reach a more fundamental level, a basic
understanding of physicochemical properties of carbon
nitride is needed.

Another challenge is the extension of domain size and the
improvement of electrochemical properties in a traditional
semiconductor sense. This is challenging because carbon
nitride and its modifications prepared by the bulk condensa-
tion route are usually suffer from incomplete polycondensa-
tion, which is generally different from batch to batch. As
however the organic chemistry of C—N bond formation is very
rich, we expect the advent of better, milder, and more
reversible synthesis procedures that enable self-organization
towards improved structure motifs.

From the perspective of practical applications in sustain-
able chemistry, only a few reactions have been addressed,
essentially proving the required tolerance against multifunc-
tionality and water. Applying this catalyst to specific key
reactions and specific substrates will certainly create more
exciting results in the near future.
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