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Graphitic carbon nitride (g-CsN,4) shows great application potential in the activation of CO, due to its
basic surface functionalities and highly specific electronic properties. Herein, to improve the catalytic
performance, g-CsN, was activated by protonation using H,SO,. The texture, surface chemistry and
electronic properties of the as-prepared g-CsN, were then studied. The synthesis of cyclic carbonate from
the cycloaddition of CO, and epoxide was selected as a model reaction to investigate the catalytic
performance. The protonated g-CsN, exhibited much higher catalytic activity than that of the pristine g-
C3N,. The generation of terminal amino and hydroxyl groups due to the hydrolysis of g-CsN, under acidic
condition as well as the higher specific surface area is responsible for the enhanced catalytic performance.

Currently, 80 to 85% of the world’s commercial energy depends
on carbon-based fossil fuels.! The consumption of fossil fuels
produces large amounts of CO,, which was proved to be the main
reason for the greenhouse. Indeed, the CO, concentration in
atmosphere has increased from 278 ppm during the preindustrial
era to above 400 ppm in 2015. In view of the fact that CO, is an
inexpensive, nontoxic and abundant carbon source, the use of
CO, as a starting carbon feedstock for useful chemicals is a
practical route to reduce its accumulation.? However, CO, is both
thermodynamically and Kkinetically stable, and is not used in
large-scale in modern industry. The difficulty of CO, activation is
the key-limiting factor for its utilization. Therefore, catalyst,
often a metal system, is required to tackle this issue.

Recently, graphitic carbon nitride (g-C3N,4), a metal-free organic
semiconductor has attracted widespread attention due to its
potential applications in heterogeneous (photo)catalysis.*>* This
highly stable and abundant polymer is composed of tri-s-triazine
units connected through trigonal nitrogen atoms. The unique
chemical composition provides g-CsN, with a large amount of
basic functional groups, including both Lewis base and Bronsted
base.® These basic functions may act as nucleophilic sites for the
activation of CO,. By careful design of the catalytic active sites, a
photocatalyst system consisting of a Ru complex and g-C3N, was
developed for the reduction of CO, into formic acid. A turnover
numbers (TON) above 1000 with respect to Ru was achieved
under visible light irradiation for 20 h.® Except for formic acid,
other useful chemicals, such as CO,” methane, ® methanol ° and
acetaldehyde ° were also synthesized using different g-CsN,
based photocatalysts. Even without the light irradiation, CO, can
be activated by g-C3N, to form O " diradical, which subsequently
react with benzene to form phenol.’* However, compared with
metal catalysts, the catalytic efficiency of g-C3;N, for the
activation of CO, is still very low and not suitable for practical
applications.’> The synthesis of cyclic carbonate from the

cycloaddition of CO, and epoxide is an exception. It was
reported that, g-C3N,4 can serve as an efficient catalyst for the
s fixation of CO, with epoxides.®® The resulting cyclic carbonates
have been widely used as aprotic solvents, electrolytes in lithium-
ion batteries, monomer for polycarbonates and fuel additives.**
A moderate to excellent catalytic activity can be achieved by
modulating the texture structure and surface chemical properties
55 0f g-C3N,. Heating urea at 480 to 550 °C, a series of g-C3N, with
different crystallinities was synthesized.’® The as-prepared g-
C3N, obtained at lower temperature exhibited higher activity,
which indicates that the amino groups derived from the
incomplete condensation served as the main active sites in the
activation of CO,. The catalytic activity also can be improved
significantly by modification of g-C3N, with n-bromobutane ** or
metal halides 8. The synergistic effect of the uncondensed amino
groups and halide anions were speculated to be the main reason.
In our previous studies, SBA-15 supported g-C3N, nanophases
were prepared by vapor condensation of dicyandiamide.!® These
nanostructures with strong Lewis basicity and optimized
electronic properties exhibited exceptionally high catalytic
activity for the synthesis of cyclic carbonates from CO, and
epoxides. Multiple-step procedures involving the preparation of
70 SBA-15, loading of dicyandiamide and subsequent condensation
at high temperature are required to obtain this powerful catalyst.
Therefore, a simple method for the synthesis of g-CsN, catalyst
with high activity is of particular interest. Recently, Zhang et al.
developed a convenient route for the activation of g-C3N, by
protonation using HCI.2° Protonation not only provides higher
specific surface area and better dispersion, but also improves the
electronic and surface chemical properties, which all benefit its
catalytic applications.?* Herein, to strengthen this positive effect,
H,SO,, a stronger Brdnsted acid was used to the activation of g-
80 C3N4. The texture structures, surface chemistry and electronic
properties of the resultant g-C3sN, were investigated. The catalytic
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activity for the activation of CO, was also investigated by the
cycloaddition of CO, with epichlorohydrin as a model reaction.

2. Experimental

2.1 Synthesis of catalysts

g-C3N, was synthesized by heating melamine under still air.
Typically, melamine was put into a covered crucible. The
crucible was then heated to 550 °C in a muffle furnace for 4 h
with a heating rate of 5 °C min™*. After the reaction, the crucible
was cooled down to room temperature. The obtained g-CsN, was
ground to a powder.

9-C3N,4-S was synthesized by protonation of pristine g-CsN,4 with
H,SO,. Typically, 1 g of g-C3N, was stirred with 15 ml of H,SO,
(60%) at 80 °C for 2 h. The obtained yellow suspension was
added drop by drop to 50 ml of deionized water under an ice-
water bath. The protonated g-C3;N, was collected through
centrifugation, washed thoroughly with water and ethanol and
drying at 60 °C in vacuum overnight. For comparison, g-CsN,
was also treated with H,SO, at 40 and 60 °C, and the products
were denoted as g-C3N4-S-40 and g-C3N,4-S-60 respectively.

2.2 Characterization

Transmission electron microscopy (TEM) images were recorded
on a JEOL JSM-2100 instrument with an accelerating voltage of
200 kV. Nitrogen adsorption-desorption experiments were
carried out at 77.3 K by a Quanta-chrome Autosorb Automated
Gas Sorption System (Quantachrome Corporation). Powder X-
ray diffraction (XRD) were performed on a Rigaku Rotaex
diffractometer equipped with Cu Ka radiation source (40 kV, 200
mA; /1=1.54056 A). Fourier transform infrared (FT-IR) spectra
were collected on a Bruker Tensor 27 by using KBr pellets. X-ray
photoelectron spectroscopy (XPS) dates were recorded on a
Thermo Scientic ESCALab 250Xi using 200 W monochromated
Al Ka radiation. UV-visible absorption spectra were obtained on
a Shimadzu UV-2600 UV-visible spectrometer equipped with an
integrating sphere assembly. Photoluminescence (PL) spectra
were recorded on a Hitachi F-4500 fluorescence spectrometer.
Electron paramagnetic resonance (EPR) experiments were carried
out on a Bruker E500 spectrometer. Elemental analysis
experiments were performed on a Flash EA 1112.

2.3 Cycloaddition of CO, with epoxide

The cycloaddition reactions were carried out in a 100 ml stainless
steel autoclave equipped with a magnetic stir bar. The catalysts
(50 mg) and epichlorohydrin (5 ml) were successively introduced
into the reactor. The reactor was purged with N, three times and
then heated to 90 - 140 °C, and maintained for 20 min. Thereafter,
the reactor was pressurized with CO, to 0.5 - 4.5 MPa and stirred
for 2 h before cooled to 0 °C in ice water. The catalysts were
separated by centrifugation and the products were analyzed by a
gas chromatograph (GC-2014, SHIMADZU) equipped with an
FID detector.

3. Results and discussion

Fig. 1 TEM images of g-CsN, (a) and g-C3N,-S (b).
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Fig. 2 N, adsorption—desorption isotherms of g-C3N, and g-C3Ny-
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3.1 Effect of protonation on structure, composition and electronic
properties

The morphologies of g-CsN, before and after protonation were
investigated by TEM. As shown in Fig. 1a, the g-C5N, obtained

60 by direct heating melamine is solid agglomerate with several
hundred nanometers in size. This pristine ¢-CsN, was
disintegrated into smaller particles after protonation with H,SO,,
and its size reduced to 20 to 50 nm as exhibited in Fig. 1b. The
morphological change results in a large amount of structural

es defects. These defects may provide more catalytic active sites for
the adsorption and activation of CO,.
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Fig. 3 Powder XRD patterns of g-C3N, and g-C3N,-S.

10

Nitrogen adsorption—desorption experiments were preformed to
analyze the porous information. Fig. 2 shows the isotherm curves
of the samples before and after protonation. Similar to the pristine
g-C3N,, g-C3N,4-S displays a typical type Il isotherm. The H3
hysteresis loop located at 0.35 < P/P, < 1.00 indicates the
existence of open pores, which are stemmed from the
agglomeration of particles. 2 The BET specific surface area (Sget)
of g-C3N,-S was calculated to be 32 m?g™, much higher than that
of the pristine g-CsN, (11 m?g™).

The crystal structures were measured by XRD. As can be seen
from Fig. 3, the pristine g-C3N, prepared from melamine shows
two characteristic diffraction peaks at 26 = 27.5° and 13.1°. The
former is ascribed to the interlayer stacking structure (002), and
the later belongs to the in-planar repeating tri-s-triazine units
(100). g-C3N,4-S was found to have the same (002) diffraction
peak as the pristine g-CsN, suggesting that the interlayer
stacking structure has not been destroyed during treatment with
H,S0,.2 However, the formation of structural defects after
protonation leads to a decreased crystallinity. As a result, the
intensity of the (002) peak tends to be weaker.? For the same
reason, the (100) peak also becomes less pronounced for g-C3N,-
S.

The generation of structural defects during protonation was also
revealed by FT-IR spectra presented in Figure 4. The absorption
band in 3000-3600 cm™ is obviously enhanced for g-CsNg-S,
which indicates that some terminal amino groups (-NH, or =NH
groups) were generated during protonation.® Due to the excellent
chemical inertness of the tri-s-triazine units, the core chemical
structure of g-C3N, is rather stable against acid etching. No
evident change in the absorption band at 809 cm™ and 1200-1650
cm™ ascribed to the tri-s-triazine units and the aromatic CN
heterocycles respectively was found.?® XPS measurements further
confirmed the formation of terminal amino groups. As shown in
Fig. 5, the XPS spectra of N1s were fitted into three peaks at
398.4 eV, 399.8 eV and 400.9 eV, corresponding to sp*-
hybridized nitrogen in tri-s-triazine rings (C-N=C), tertiary
nitrogen N—(C); groups and amino groups (-NH, or =NH),
respectively.?” The content of nitrogen in the amino groups for g-
C3N, is 7.3%. Due to the generation of terminal amino groups
during protonation as demonstrated by FT-IR results, this value is
increased largely to 14.2% for g-C3N,-S.
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45 Fig. 4 FT-IR patterns of g-C3N,4 and g-C3N,-S.
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Fig. 5 N1s XPS peaks of g-C5N, and g-C3Njy-S.
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Fig. 6 UV-visible absorption spectra of g-C3N, and g-C3N,-S.

s0 The protonation process remarkably modified the electronic

structure of g-C3N,. As shown in Fig. 6, the absorption edge of
the pristine g-C3N, is about 440 nm. After protonation with
H,SO,, the absorption edge of g-C3N,-S is blue-shifted to about
400 nm. The change in the light absorption can be presumably

ss ascribed to the strong quantum confinement effect due to the

reduced size.?® In addition, the decrease in the crystallinity owing
to the formation of structure defects is another reason for this
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change.?* The PL spectra show a similar result as that of the UV-
visible absorption spectra.”® As presented in Fig. 7, the emission
peak of pristine g-C3N, is about 460 nm. After protonation, the
emission peak is blue-shifted to about 423 nm. Furthermore, a
s slightly decreased PL intensity of g-CsN4-S was observed. This
indicates that the efficiency in the migration, transfer and
separation of the photogenerated charge carriers was enhanced.
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Fig. 7 PL spectra of g-C3N, and g-C3Njy-S.
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Fig. 8 EPR spectra of g-C3N, and g-C3Nj,-S.

The electronic structure information was further studied by solid-
state EPR at room temperature. As shown in Fig. 8, both g-C3N,
and g-C3N,4-S exhibit one single Lorentzian line with a g value of
2.0033. It is clear that, the EPR signal of g-C3N4-S is much
stronger than that of g-C3N,. According to the literatures, %! the
EPR signal is originated from the unpaired electrons in the
aromatic rings of carbon atoms, which is located at the
nanoclusters on the surface of the materials. Obviously, the large
Sger and the structure defects of g-CsN,-S are responsible for the
enhanced EPR signal. *2

a

S

3.2 Synthesis of cyclic carbonate from the cycloaddition of CO,
and epoxide

The synthesis of cyclic carbonate from the cycloaddition of CO,
and epoxide was employed for evaluating the catalytic
performance of the protonated g-CsN, (Table 1). Epichlorohydrin

a

5

S

55

60

was chosen as a model substrate in the reaction. In the absence of
catalyst, the reaction hardly occurs. After the introduction of g-
C3N,, a conversion of 5.6% was achieved after 2 h, suggesting g-
C3N, can catalyze the cycloaddition reaction. The selectivity of
chloropropyl carbonate was 96.7%. Diol was found to be the
main by-products. It is clear that the protonated g-C3;N, showed
much higher activity than that of the pristine g-C3N,. For g-C3N,-
S, the conversion of epichlorohydrin was 99.1%, more than 17
times higher than that of pristine g-C3N4. As the conversion
increased, the hydrolysis of epoxide to diol was suppressed.® As
a result, the selectivity of chloropropyl carbonate was increased
to 99.5%. When the reaction time was prolonged to 3 h, almost
all the epichlorohydrin was consumed. The yield of chloropropyl
carbonate reached 99.4%. To be completely convincing of the
positive effect of protonation, the cycloaddition reaction was also
catalyzed by g-Cs;N, treated with H,SO, at 40 and 60 °C
respectively. The results show that the catalytic activity
increased successively with the increase in treating temperature
between 40 and 80 °C. However, by further increasing the
temperature to 100 °C, g-CsN, could be dissolved in H,SO, to
form a clear solution. 2%

Table 1 Catalytic performance of different catalysts.”

Catalyst Conv. (%) Sel. (%) Yield (%)
— <1 — <1
g-C3N, 5.6 96.7 5.4
g-CsN,-U 6.1 97.9 8.1
g-CsN,-S 99.1 99.5 98.6
g-C3N,-SP >99.9 99.4 99.4
g-CsNs-S-40  26.9 98.8 26.6
g-CsNs-S-60  57.2 99.6 57.0

2 Reaction conditions: epichlorohydrin (5 ml), catalyst (50 mg),
temperature (130 °C), CO, pressure (3.5 MPa), time (2 h).® Time
(3h).

Table 2 Comparison of typical g-C;N, catalysts reported for
cycloaddition of CO, and epoxides.

Catalysts Epoxides T P Conv. TOF
(C)  (MPa) (%) (h?
g-CsN, ECH® 130 35 56 33
g-C3sN,-S ECH? 130 35 991 581
MS-MCN?® POP 100 055 340 34
u-g-C3N4-480%  ECH? 130 2.0 996 49
n-butBr/mp-CsN,Y" POP 140 25 880 96
ZnCl/mp-C3N,2®  PO® 140 25 730 56
g-CsN4/SBA-15"°  sO° 150 35 945 152

3 ECH: Epichlorohydrin, ® PO: Propylene oxide, ¢ SO: Styrene
oxide.

The turnover frequencies (TOF) of pristine g-C3N, and g-C3Ny4-S
are calculated and summarized in Table 2. The TOF of pristine g-
CsN,is 3.3 h™. This value is increased to 58.1 h™* for g-C3N,-S.
For comparison, the catalytic performances of several g-CsN,
catalysts reported for cycloaddition of CO, and epoxides are
listed. The highest activity is provided by g-CsN,/SBA15, which
exhibits a TOF value of 15.2 h™. g-C3N,-S is more than 3 times
more efficient than g-C3;N,/SBAL5 in terms of TOF, suggesting
that the present protonated g-C3N, is really a highly efficient
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catalyst.

The effects of reaction temperature and pressure on the
cycloaddition reaction were investigated. As shown in Fig. 9a, the
temperature had a positive effect on the reaction. Only a low
conversion of 15.4% was obtained at 90 °C. The conversion
increased sharply to 99.1% with an increase in the temperature to
130 °C. It remained at this level when the temperature was
elevated to 140 °C. Further increase in the temperature may result
in the polymerization of chloropropyl carbonate, which reduced
the selectivity of the target product.** * The fluctuating of the
CO, pressure does not affect the reaction rate as markedly as the
temperature. As shown in Fig. 9b, the cycloaddition reaction can
proceed smoothly even under 0.5 MPa. The conversion of
epichlorohydrin increased gradually from 48.7% to 99.3% with
the increase of pressure from 0.5 to 4.5 MPa. The higher
conversion at elevated pressure may be associated with the
increased CO, concentration within the reaction system.*
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Fig. 9 Effects of reaction temperature (a) and CO, pressure (b) on
20 the catalytic performances of g-C3N,;-S. Reaction conditions:
epichlorohydrin (5 ml), catalyst (50 mg), time (2 h); CO, pressure
(3.5 MPa) for (a) and temperature (130 °C) for (b).

3.3. The correlation between catalytic performances and surface
functional groups

25 The improved catalytic performance of the protonated g-CsNy is
partly due to its high Sger. The high Sger could not only provide
more catalytic active sites, but is also beneficial for the

adsorption and diffusion of reactants, thus accelerating the
reaction.*” However, when g-C3N,-U, a g-C3N, material with a

2 high Sger of 64 m?g? was used as a catalyst, only a low
conversion of 8.1% was obtained. This strongly demonstrates that
Sger IS not the sole or even the predominant reason for the
enhanced catalytic activity. It was pointed out that, terminal
amino groups derived from the structure defect of g-C3N, are the

s active sites in catalytic reactions.*'5*® According to the results
and discussions depicted above, terminal amino groups would be
generated during protonation. Therefore, we speculate that the
generation of terminal amino groups is another reason for the
enhanced catalytic performance.

40 Table 3 Stoichiometries of g-C3N, and g-C3N,4-S deterimined by
elemental analysis

Smaples C N H 0 C/H?® C/O*®
g-C3Ny4 3 4.47 1.86 0.15 1.61 20.00
g-C3Ns-S 3 4.47 4.38 0.36 0.68 8.33

2 atomic ratio

However, compared with the enhanced catalytic activity (17.7
times), the value of the increased Sger (2.9 times) and terminal
45 amino group (1.9 times) are relatively low. This implies that
some other factors may be also responsible for the high catalytic
activity. It was reported that protonation may lead to the
hydrolysis of g-CsN,.* As a result, some surface functional
groups, such as amino and hydroxyl groups were generated.*’
s0 The generation of amino groups was already demonstrated by
FT-IR and N1s XPS measurements. The generation of hydroxyl
groups can be illuminated by elemental analysis. As shown in
Table 3, The C/H atomic ratio was decreased from 1.61 for g-
C3N, to 0.68 for g-C3N4-S. The C/O atomic ratio was decreased
ss from 20.00 for g-C3N, to 8.33 for g-C3N,4-S. The treatment with
H,SO, increased the content of H and O significantly due to the
generation of hydroxyl groups through partial hydrolysis of g-
C3N,4. The increase in the O content was also confirmed by XPS
survey spectrum. As shown in Fig. 10a, the pristine g-C3N, is
60 mainly composed of C and N elements. A small amount of O
(5.1%) also appeared. After protonation with H,SO,, the content
of O was increased to 9.4%. The adsorption of water may also
lead to an increase in the content of H and O. To exclude the
effect of the adsorbed water, the chemical state of O was further
es identified by Ol1s XPS spectra. As exhibited in Fig. 10b, the O1s
spectrum of g-C3N4,-S was fitted into two peaks. The peak at
533.2 eV is ascribed to the adsorbed H,0, and the peak at 531.8
eV is ascribed to the hydroxyl group.**? In contrast, only one
peak at 533.2 eV, which is ascribed to the adsorbed H,O, is
70 appeared in g-C3N,. The same result was further confirmed by
FT-IR spectra. As shown in Fig. 4, a new signal located at 1086
cm’?, which is ascribed to the C-O, appeared after protonation.*®
Thus, it can be ascertained that some hydroxyl groups was
generated during hydrolysis of g-CsN, under acidic condition.

s It is generally accepted that g-C3N, is very active for the
activation of CO, through acid-base coupling. But for the
activation of epoxide, the activity is relatively low. To catalyze
the cycloaddition of CO, and epoxides by g-C3N,, co-catalysts
were usually employed to activate epoxides.'’*® It has been

s known that the formation of hydrogen bond between hydroxyl

This journal is © The Royal Society of Chemistry [year]
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groups and the oxygen atom of epoxides is a key step for the

activation of epoxides by graphite oxide ***, cellulose,***" and

hydroxyl-functionalized ionic liquids . Thus, we proposed that

the hydroxyl group derived from the hydrolysis of g-C3N, is the
s third reason for the high catalytic activity.

a Mis Survey
‘;:- O1s 1% Cis
s
2 g-CN,
=
]
= 9.4%
g-C,N,-S
¥ L) y L) T T
600 500 400 300 200
B.E. (eV)
b O1s
Cc-0
’;:‘ | g'CaNa
& T ——
=
‘®
c
@
k=
g-C,N,-S
Asss
536 534 532 530 528
B.E.(eV)

Fig. 10 XPS survey spectra (a) and O1s spectra (b) of g-C3N, and
g-C3N,-S.
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10 Scheme. 1 Generation of active sites and possible mechanism for
the cycloaddition of CO, with epoxide.

The generation of active sites and the subsequent activation of
reactants and formation of cyclic carbonate are illustrated in
scheme 1. Firstly, g-CsN, was partially hydrolyzed during
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treatment with H,SO,. Amino and hydroxyl groups were
generated. After the reactants were added, the epoxide was
activated by hydroxyl group through hydrogen bond. At the same
time, CO, was activated by amino group, and a carbamate species
was formed. Subsequently, the activated CO, attacked on the less
hindered carbon atom of the activated epoxide. Therefore, ring
opening occurred. Finally, cyclic carbonate was produced
through subsequent intramolecular ring-closure, and the catalyst
was regenerated simultaneously.

In conclusion, g-CsN4 was successfully activated by protonation
using H,SO,. The texture, surface chemistry and electronic
structure were optimized during protonation. The protonated g-
C3N, is a very active catalyst for the synthesis of cyclic carbonate
from the cycloaddition reactions of CO, with epoxide. The
catalytic activity of g-C3N, protonated by H,SO, at 80 °C is 17.7
times higher than that of pristine g-C3N,. The high specific
surface area, the generation of terminal amino groups and
especially hydroxyl groups maximize the catalytic potential of g-
C3N,. It is highly expected that the facile synthesis method and
the excellent catalytic performance makes protonated g-CsN, a
good candidate for further applications in the utilization of CO,
as a carbon feedstock for the production of useful chemicals.
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g-C;N, activated by protonation using H,SO, demonstrates a remarkable enhanced catalytic activity for

cycloaddition of CO, and epoxide.
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