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Porous and low-defected graphitic carbon nitride (g-CsN4) nanotubes were fabricated through

heating precursors synthesized by recrystallization from H,SO4/methanol. The textural and chemical
structures of the as-prepared samples were well studied. Recrystallization and subsequent heating result in
g-C3N, nanotubes with developed porosity and high specific surface area. Unexpectedly, the nanotubes
exhibit much ordered tri-s-triazine conjugated network and fewer defects. Compared to bulk g-C3N,
prepared by direct heating melamine, the nanotubes demonstrate enhanced photocatalytic activity for
hydrogen evolution under visible light irradiation. Besides the improved textural and chemical structures,
the optimized optical and electronic properties are contributed to the enhanced photocatalytic

performance.

1 Introduction

Photocatalytic water splitting is a promising route for the
conversion and utilization of solar energy. Since Fujishima and
Honda reported the production of hydrogen from water under
TiO, electrode in 1972, highly efficient photocatalysts have been
regarded as a core subject in this field.! Recently, graphitic
carbon nitride (g-C3sN,), an organic semiconductor was found to
be able to generate hydrogen from water under visible-light
irradiation without the assistance of any metal.> Due to the low
cost, excellent stability, and specific optical and electronic
properties, g-CsN, has attracted impressive attention and has been
widely used in water splitting,® pollutants photodegradation,* CO,
photoreduction® and organic photosynthesis®.

Traditionally, g-C3N, can be synthesized facilely by self-
condensation of nitrogen-rich precursors, such as cyanamide,
dicyanamide or melamine.” However, the specific surface area of
the prepared g-C;sN, is very low, normally below 10 m?*g .2 For
catalysts, the lower specific surface area means the fewer surface
catalytic active sites, which may result in a poor catalytic
performance. A number of techniques for increasing the specific
surface area have been explored, such as thermal oxidation
etching,” liquid exfoliation,'®* protonation,*? loading**** and so
on. Among various techniques, the introduction of porosity in
bulk g-C3N, is the most efficient and wildly used method.*® For
example, a class of mesoporous g-C3N, was prepared by
nanocasting method using colloidal silica spheres or mesoporous
silica as hard templates.’®*® By adjusting the mass ratio of
precursor to template, a high BET surface area (Sger) of 440 m?
g! was achieved.'® However, nanocasting technology is not
suitable for large-scale applications, because removal of
templates is not only time consuming but also environmentally
unfriendly. Alternatively, soft templates can also be used to

prepare porous g-CsN,. By special selection of templates
(surfactants or ionic liquids) and careful controlling
polymerization conditions, porous g-CsN, materials were
synthesized successfully.’®?" Whereas, using soft templates for
the preparation of porous g-CsN, is uneconomical. In addition,
carbon or heteroatom residues derived from the templates may be
left in the resulting photocatalysts, which may act as defects and
increase the lattice disorder of g-C3N,.%

It is well known that defects play an important role in influencing
the photocatalytic performance of g-CsN,. Defects may benefit to
the photocatalytic activity by broadening the light responsive
range and facilitating the charge separation.?>?* On the other hand,
defects such as NH/NH, groups result from the incomplete
condensation could serve as recombination centers for photo-
generated charges, which reduce the free carrier concentration
and deteriorate the catalytic efficiency.?® Therefore, eliminating
these defects is a promising route to improve the photocatalytic
performance of g-CsN,. However, only few studies have been
focused on this issue.?®

Very recently, bulk g-CsN, was dissolved in concentrated H,SO,
by Zhang and co-workers.?” A surprisingly high concentration of
300 mg/mL was obtained. By recrystallization of g-C3N, from
solution, thin-film electrodes,?® ultrathin nanosheets®® and nano-
size g-C3N, *° have been fabricated respectively. Herein, we
fabricate porous g-C3;N, nanotubes through heating precursors
derived from a similar but modified recrystallization strategy.
Compared to bulk g-C3N, prepared by direct heating melamine,
the as-prepared g-CsN, nanotubes exhibit well developed
porosity and larger Sger (117.7 m?gY). Surprisingly, except for
the textural superiority, this photocatalytic material exhibits
higher polymerization degree, fewer defects, and improved
optical and electronic properties. The catalytic performance of the
porous g-CsN, nanotubes were evaluated by photocatalytic water
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splitting under visible-light irritation, and compared with that of
g-C3N, prepared from melamine.

2 Experimental
2.1 Chemicals

Melamine (99%) was purchased from Aladdin. Concentrated
H,SO, (98%) was purchased from Sinopharm Chemical Reagent
Corp, PR China. All the solvents are analytical grade agents and
purchased from Aladdin without further purification.

2.2 Preparation of catalysts

Bulk g-C3N, (BCN) was prepared by direct heating melamine at
550 °C for 2 h in still air. The heating rate was 10 °C min. After
cooled to room temperature, BCN was ground to a homogeneous
powder. 3 g BCN was stirred with 30 mL concentrated H,SO, at
60 °C for 30 minutes. 30 mL deionized water was added to the
suspension within 1 min. The temperature was increased rapidly
to about 100 °C and BCN was dissolved to form a transparent
solution. This solution was added to 1500 mL methanol slowly
with stirring. A white precipitate was formed. After cooled to
room temperature, the precipitate was collected by centrifugation,
washed thoroughly with water and ethanol, and dried at 60 °C for
24 hours. The obtained white product was marked as CNS.
Porous g-CsN, nanotubes were prepared by heating CNS at 550
°C for 2 h in still air with a heating rate of 5 °C min™®. The
obtained yellow power was marked as CNS-550.

2.3 Catalyst characterization

Scanning electron microscopy (SEM) images were recorded on a
Hitachi S-4800 instrument. Transmission electron microscopy
(TEM) images were obtained on a JEOL JSM-2100 instrument.
Nitrogen adsorption—desorption experiment was performed at
77.3 K by a Quanta-chrome Autosorb Automated Gas Sorption
System (Quantachrome Corporation). Before experiments, the
samples were dried at 300 C under vacuum for 6 h. Powder X-
ray diffraction (XRD) were performed on a Rigaku Rotaex
diffractometer equipped with Cu Ka radiation source (40 kV, 200
mA; A=1.54056 A). Thermogravimetric analysis (TGA) was
performed on a Pyris 1 TGA (Perkin Elmer) at a heating rate of
10 °C min* in nitrogen flux. Fourier transform infrared (FT-IR)
spectra were recorded on a Bruker Tensor 27 by using KBr
pellets. Elemental analysis (EA) experiments were performed on
a Flash EA 1112. X-ray photoelectron spectroscopy (XPS) dates
were collected on a Thermo Scientic ESCALab 250Xi using 200
W monochromated Al Ko radiation. UV-visible absorption
spectra were obtained using a Shimadzu UV-2600 UV-visible
spectrometer equipped with an integrating sphere assembly.
BaSO, was used as reference. Photoluminescence (PL) spectra
were recorded on a Hitachi F-4500 fluorescence spectrometer
with excitation at 320 nm. Time-resolved fluorescence
experiments were performed on an Edinburgh FLES920. Electron
paramagnetic resonance (EPR) measurements were carried out on
a Bruker E500 spectrometer at room temperature.

2.4 Photocatalytic activity test

Photocatalytic hydrogen evolution reactions were performed in a
quartz reactor. Typically, 50 mg photocatalysts were dispersed in
an aqueous solution (100 mL) containing triethanolamine (10

s5 VoI%, sacrificial reagent) and H,PtClg. Pt (3 wt%, co-catalyst)
was in-situ photo-deposited onto g-CsN, under light irradiation.
Prior to irradiation, the suspension was purged with N, for 30
minutes to remove air. The light was provided by a 300 W Xe
lamp with cut off filter (A > 420 nm). The temperature was

0 maintained at 25 °C by the flow of cooling water during the
irradiation. The produced hydrogen was analyzed by a gas
chromatography (GC-2014, Shimadzu) equipped with a thermal
conductive detector (TCD).

3 Results and discussion

65 3.1 Textural and chemical structures of porous g-CsN,
nanotubes

70 Figure 2 SEM (a, b) and TEM (c, d) images of CNS-550. Picture
(d) corresponds to the enlarged areas of white rectangle in (c).
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Previous studies revealed that g-C3sN, prepared by direct heating
melamine are bulk morphology with several micrometers in
size.® While it is dissolved in H,SO,, BCN is exfoliated into
single atomic layer nanosheets. The nanosheets are then

s rearranged to nanorods during recrystallization with methanol. It
can be seen from Figure 1 that these nanorods are reassembled
into a flower-like morphology. The diameters of the nanorods are
about 300-400 nm and the lengths are about the order of several
micrometers. The effects of solvents on the morphology of the

10 products were also studied. When performing the recrystallization
experiments with other orgnic solvents (ethanol, ethylene glycol,
acetonitrile, acetone, dimethyl sulfoxide, N,N-
dimethylformamide and N-methyl pyrrolidone), regularly shaped
precipitates could not be formed. Concentration also affects the

15 morphology of the obtained smaples. The best result only can be
achieved at a concentration of about 2 mg mL™™. It is clear that
solvent conditions have a great impact on the morphology of
CNS.
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20 Figure 3 Nitrogen adsorption—desorption isotherm and BJH pore
size distribution curve (inset) of CNS-550.

Heating CNS at 550 °C for 2 hours yields porous g-Cs;N,
nanotubes (CNS-550). As shown in Figure 2a, the as-prepared
samples after heating inherit the rod-like structures. The inner
25 part of CNS undergoes serious structural shrinkage, resulting in
hollow nanotubes consisting of curly nanosheets (Figure 2b).
Numerous macropores of 50-100 nm are embedded in the
nanosheets. The porous structure is further confirmed by TEM
measurements. A nanotube of about 250 nm in diameter with
30 developed porosity is imaged in Figure 2c. From the high-
resolution TEM image (Figure 2d) of the detailed local structure
of CNS-550, distinct layered nanosheets are obseved clearly. It
can be expected reasonably that the nanosheet structure and
developed porosity are not only useful for providing more
35 catalytic active sites, but also helpful for adsorption and diffusion
of reactants during photocatalytic reactions.*?
The textural information of CNS-550 was analyzed by nitrogen
adsorption—desorption experiment. In Figure 3, a typical type Il
isotherm is observed. The H3 hysteresis loop located at 0.80 <
a0 P/Py < 1.00 supports the SEM and TEM results that macroporous
structure exists in the photocatalyst. The sizes of the pores are
above 50 nm as demonstrated by the Barrett-Joyner-Halenda
(BJH) pore size distribution curve (Figure 3, inset). The Sggr was

calculated to be 117.7 m?g. For comparison, the Sger of BCN
s and CNS were determined to be 10.6 and 31.3 m*>g* respectively,
much lower than that of CNS-550.
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Figure 4 XRD patterns of BCN, CNS and CNS-550.
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Figure 5 TGA of CNS at a heating rate of 10 °C min* under N,

flux.

The crystal structures of the smaples were investigated by power
XRD (Figure 4). BCN displays a characteristic diffraction peak at
55 27.3°, which corresponds to the interlayer-stacking structures
(002). This peak becomes sharper and stronger after treated with
H,SQO,, indicating a higher crystallinity was achieved. A broad
and weak peak at 13.1°, which is ascribed to the in-planar
repeating tri-s-triazine units (100), is also appeared in the XRD
60 pattern of BCN. This peak is overlapped with a strong and sharp
peak at 12.2° for CNS. Another peak located at 6.1° is also
observed for CNS. These two peaks are in good agreement with
the (220) and (110) characteristic peaks of melem hydrate.®3* It
is believed that bulk g-CsN, is typically synthesized by
s polymerization of nitrogen-rich precursors at high-temperature
through a solid-solid reaction process. During the reactions, a
large amount of intermediates are generated and interact with the
formed g-C3N, through hydrogen bonds. As a result, these
intermediates cannot be polymerized completely. These unstable
70 and not-well-ordered components could be hydrolyzed during
hydrothermal process.®***® According to the XRD results, we
speculate that the intermediates in g-CsN, derived from the
incomplete polymerization were dissociated into melem.
The generation of melem was further confirmed by TGA analysis.

This journal is © The Royal Society of Chemistry [year]
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As shown in Figure 5, the TGA curve of CNS shows a marked
weight loss below 140 °C, which corresponds to the dehydration.
A moderate loss of weight starts at about 400 °C, indicating the
polymerization of melem occurred.®” The as-generated g-C5N,
s materials begin to decompose at about 550 °C, which is
consistent with the literatures.
The crystal structure of CNS was changed after heating. As
demonstrated by Figure 4, the XRD pattern of CNS-550 restores
to substantially the same as that of BCN except for some minor
10 changes. The characteristic peaks of melem hydrate disappeared
due to the dehydration and polymerization. Compared to BCN,
CNS-550 exhibits a less pronounced (002) peak. This can be
explained by the reduced thickness of the nanosheets and the

9,38

between 3000 and 3500 cm ™.

typical FT-IR pattern of g-C3N,. Structural defects affect FT-IR
40 spectra slightly. CNS-550 with fewer defects (NH/NH,) than that
of BCN exhibits weaker absorption in the N-H stretching region

EA dates show a similar result as that of FT-IR spectra. As

summarized in table 1, the H and O contents of BCN is 1.98 and

content compared to BCN.

introduction of porosity in CNS-550.4'° However, the similar

45 3.13 wt% respectively. These values are increased to 3.76 and
12.14 wt% for CNS due to the incorporation of H,O. The C/N
atomic ratio is increased from 0.66 for BCN to 0.68 for CNS-550.
This is ascribed to the elimination of defects with lower C/N
atomic ratio during recrystallization and polymerization at high

so temperature. For the same reason, CNS-550 shows a lower H

15 result does not appear for (100) peak. From the XRD patterns a M s2p —
(Figure 4, inset), the (100) peak of CNS-550 becomes sharper NS M 4
and shifts to a lower angle of 12.8°. This indicates that CNS-550 NS B0 it
has a higher crystallinity and improved tri-s-triazine conjugated 1,\75 170 185 180 J
network. In other words, the defects which disturb the periodicity ’:; BCN

20 in the direction parallel to the tri-s-triazine layer are eliminated i::
during dissolution, recrystallization and heating. =

L N
’1’1 = CNS
BCN
CNS-550
CNS-550 T T T T
z \_//— 600 500 400 300 200
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2
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Figure 6 FT-IR patterns of BCN, CNS and CNS-550.
Table 1 EA results of BCN, CNS and CNS-550.
Smaples C (wt%) N (Wt%) H (wt%) O (wt%) C/N°?® IS IEEEEE———
BCN 34.23 60.66 1.98 3.13 0.66 403 402 401 400 399 398 397 396
CNS 30.23 53.87 3.76 12.14 0.65 B.E.(eV)
CNS-550 35.60 60.66 1.62 2.12 0.68 Figure 7 (a) XPS survey spectra of BCN, CNS and CNS-550. (b)

25 2 atomic ratio

The chemical

compositions of CNS and CNS-550 were
investigated by FT-IR, EA and XPS measurements. FT-IR
spectrum of CNS in Figure 6 shows a typical characteristic band
of s-triazine ring at 799 cm™. This suggests that the core chemical
w0 structure of g-C3N, is rather stable against H,SO,% Five
absorption bands with different intensities at 1241, 1321, 1390,
1438 and 1616 cm* are originated from the C-N stretches and N-
H bending vibrations. The weak absorption band at 1089 cm™
may be stemmed from the protonation of g-C3N,.%° Two broad
35 absorption bands centered at 3183 and 3340 cm * indicate the
existence of amino and hydroxyl groups, which are mainly
derived from melem hydrate.®® Heating CNS at 550 °C, melem
was condensed into g-C3N,. As a result, CNS-550 exhibits a

N1s XPS peaks of CNS and CNS-550.

ss From the XPS survey spectra (Figure 7a), it is seen that the all the
samples are mainly composed of C, N and O elements. For CNS,
C and N are ascribed to g-CsN, and melem. According to the
XRD results, O is stemmed from the adsorbed H,O, which is
connected with melem through hydrogen bonds. It should be

s0 noted that a small amount of S is also detected in CNS (Figure 7a,
inset). The high-resolution S2p spectrum shows a binding energy
of 168.2 eV, which is consistent with the energies characteristic
of SO, The incorporation of SO,% indicates the effective
protonation of g-CsN, during dissolution with H,SO,. The

e residual S can be removed thoroughly by heating at 550 °C,
which is in agreement with the literature.*°
The structural defects are reflected by N1s XPS spectra. As
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shown in Figure 7b, the N1s spectra of CNS and CNS-550 are
fitted into three peaks at 400.9, 399.6 and 398.4 eV,
corresponding to NH/NH,, N—(C); and C-N=C respectively.***?
The content of N in NH/NH, (defects) for BCN is 18.6%. Due to

s the elimination of defects, this value is decreased largely to 9.2%
for CNS-550.

3.2 Optical and electronic properties of porous g¢g-CsN,
nanotubes

a
CNS-550

c

N

Absorbtance (a.u.)
ﬂﬁ
oy
v
=

T T T
300 400 500 600 700

Wavelength (nm)

CNS-550

PL intensity (a.u.)

450 500 550 600
Wavelength (nm)
10 Figure 8 UV-visible absorption spectra (a) and PL spectra (b) of

BCN and CNS-550.

350 400

Textural and chemical structures affect the optical and electronic
properties of g-C3N, significantly. As shown in Figure 8a, BCN
demonstrates an absorption edge of about 450 nm. The absorption
15 edge of CNS shifts markedly to about 340 nm due to the
protonation. A slightly red-shifted optical absorption edge is
observed for CNS-550. Therefore, more visible light can be
utilized. It should be noted that, compared to bulk g-CsN,, g-
C3N,4 nanocomposites generally exhibit a blue-shifted absorption
0 edge due to the quantum confinement. For CNS-550, the
improved polymerization degree narrows the bandgap and
broadens the visible-light responsive range.** An obviously
increased absorption intensity is observed for CNS-550 in UV
range, which is probably due to the quantum confinement and the
2 multiple reflections of light within the porous structure.*3#*
Textural and chemical structure-induced optical and electronic
propertis improvment was further investigated by PL spectra.
Figure 8b shows a strong PL emission peak centered at 455 nm

for BCN. The PL emission is originated from the recombination
0 of photo-generated electron-hole pairs.*® The emission peak of
CNS is blue shifted to about 370 nm, which is in agreement with
its UV-visible absorption. A significantly decreased PL intensity
is observed for CNS-550, which means that the recombination of
electron-hole pairs was suppressed largely. As a result, the
35 efficiency for the utilization of the absorbed light improved. Two
reasons are responsible for this improvement. First, the increase
in the crystallinity could decrease the recombination center
concentration.?® Second, the thin thickness of the nanosheets may
shorten the transportation length of photogenerated charge. **

Samples Component Lifetime Intensity
(ns %
BCN T 1.52 81.3
5 :, 990 187
5‘: CNS-550 1 214 85.9
= 1275 14.1
c
Q
£
T T T T
0 10 20 30 40 50
2 Time (ns)

Figure 9 Time-resolved fluorescence decay spectra of BCN and
CNS-550.

CNS-550 hv
CNS-550
by BCN
=
s
=
‘@
c
L
=
T T T T
3480 3500 3520 3540 3560

Magnetic field (G)
Figure 10 EPR spectra of BCN and CNS-550 in the dark or under
45 light irradation.

The improved efficiency in the transfer of charge carriers was
also examined by time-resolved fluorescence spectra. As shown
in Figure 9, the spectra of BCN and CNS-550 are well fit to
double-exponential decay model. The lifetimes and the
s0 corresponding fractional contributions are summarized. CNS-550
displays an obviously prolonged lifetime. The shorter lifetime is
increased from 1.52 ns for BCN to 2.14 ns for CNS-550 and the
longer lifetime is increased from 9.90 ns for BCN to 12.75 ns for
CNS-550. The prolonged lifetime means more photo-generated
ss charge could reach the surface of the photocatalyst and be
captured by reactive substrates.*®
The improved electronic property of CNS-550 was further
investigated by room-temperature EPR. As shown in Figure 10,

This journal is © The Royal Society of Chemistry [year]
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only one symmetrical single Lorentzian line is observed in both
BCN and CNS-550. The g value of 2.0034 is in agreement with
the lone pair electrons of carbon atoms in tri-s-triazine units.*’
Compared with BCN, the EPR intensity of CNS-550 is much

s stronger, which is attributed to the larger specific surface area.
The EPR intensity is further enhanced largely under light
irradiation by a 100 W Hg lamp, indicating that a large amount of
radicals are generated in the photocatalyst.

3.1 Enhanced photoactivity of porous g-C3;N, nanotubes

a 12004 —=—BCN
{—8— CNS-550
1000+

800+

600+

HER (umol)

400+

200+

10
Time (h)

4004

300+

200+

HER (umol h™)
Adsorbance (a.u.)

1004

04
300

T T T T T
350 400 450 500 550 600 650

10 Wavelength (nm)

1

2

2

3

Figure 11 (a) Photocatalytic activities of BCN and CNS-550. (b)
Wavelength-dependent photocatalytic activities of CNS-550.

Considering the high Sggr, developed porosity, improved
chemical structure, and optimized optical and electronic
properties, CNS-550 must be significantly favorable for
application as a photocatalyst. The photocatalytic activity of
CNS-550 was evaluated by the photocatalytic hydrogen evolution
under visible light irradiation (A > 420 nm). Triethanolamine and
3 wt% Pt are used as the sacrificial reagent and co-catalyst
respectively. As shown in Figure 11a, BCN shows a moderate
visible light photocatalytic activity. The hydrogen evolution rate
(HER) is 24.6 umol h™’. The catalytic activity of CNS-550 is
much higher. A HER of 261.8 pmol h™* is achieved, which is
more than 10 times higher than that of BCN. The high
polymerization degree provides CNS-550 with excellent stability
for the photocatalytic reactions. The production of H, increases
steadily within 5 hours in the first run. A total amount of 1170.2
umol hydrogen is produced. This value decreases slightly to
1110.8 pumol for the fourth run. The effect of wavelength on the
HER is also investigated. As shown in Figure 11b, the
photocatalytic activity of CNS-550 matchs its optical absorption
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well. The longest wavelength capable for production of hydrogen
is about 550 nm. Further increase in the wavelength, hydrogen
cannot be produced steadily. This indicates that light shorten than
550 nm can be utilized by CNS-550. It is shown in Figure 8a that
no visible light can be absorbed by CNS. As a result, no
detectable HER is observed for CNS under visible light
irradiation.

Conclusions

In summary, this work has demonstrated an efficient strategy for
fabricating porous and low-defected g-CsN4 nanotubes through
heating precursor derived from recrystallization. Unstable and
not-well-ordered components with large amount of defects
originated from the incomplete polymerization are dissociated
into melem during dissolution and simultaneous hydrolysis.
Heating the products precipitated from the solution yields low-
defected g-C3N, nanotubes with developed porosity. Associated
with the high Sggr, developed porosity, lowered defects
concentration, and optimized optical and electronic properties,
the as-prepared photocatalysts exhibit enhanced photocatalytic
activity for hydrogen evolution under visible light irradiation. We
hope that our results may lead researchers a new line of thinking
for the fabrication of g-CsN, based photocatalyst with modulated
physicochemical properties and high activity.
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Porous and low-defected g-C;N, nanotubes with high Sgrt and optimized optical and electronic properties exhibit
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enhanced photocatalytic activity.
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