Chemical Engineering Journal 411 (2021) 128400

Contents lists available at ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

Accurate design of hollow/tubular porous g-C3N4 from melamine-cyanuric
acid supramolecular prepared with mechanochemical method
Hongyun Niu a, Weijia Zhao a, b, Hongzhou Lv a, c, d, Yongliang Yang a, b, Yaqi Cai a, b, e, *
a

State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085,
China
b
University of Chinese Academy of Sciences, Beijing 100049, China
c
College of Environment, Hohai University, Nanjing 210098, China
d
State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 100012, China
e
Institute of Environment and Health, Jianghan University, Wuhan 430056, China

A R T I C L E I N F O

A B S T R A C T

Keywords:
Mechanochemical technique
Melamine-cyanuric acid
g-C3N4
Photocatalytic water splitting
Photodegradation

The melamine-cyanuric acid (MA-CA) supramolecular is regarded as an ideal starting material to prepare tubular
or hollow g-C3N4. The morphologies of g-C3N4 diversify owing to different preparation condition of MA-CA
supramolecular, which is far from satisfactory to be explained by the mechanism of self-templating of pre
cursors during calcination. To disclose the hidden rules of shape variety of g-C3N4 derived from MA-CA, we
fabricate MA-CA mixture/supramoleculars with ill-defined morphologies using the mechanochemical technique.
After polymerization, the obtained g-C3N4 samples are in the shapes of hollow nanorods (HNR), nanotubes (NT),
and porous nanosheets (NS) depending on the hydrogen bonding degree between CA and MA in the starting
materials. The photocatalytic activity of these g-C3N4 samples in H2 evolution and organic pollutants degradation
increases with the rising of surface areas with the exception of g-C3N4 NS. The relatively lower photocatalytic
performance of g-C3N4 NS than hollow and tubular g-C3N4 samples can be attributed to its more positive CB
position and worse photogenerated carrier separation ability. The cavity void of hollow and tubular g-C3N4
samples realizes the enrichment of reactive oxygen species and organic pollutants into a local microenvironment,
which provides a driving force to facilitate the oxidation degradation of pollutants. This study provides a forceful
basis for the systematic fine-tuning of the morphologies and physico-chemical properties of g-C3N4.

1. Introduction
As a metal-free visible light photocatalyst, graphitic carbon nitride
(g-C3N4) has been extensively studied in the field of photocatalytic
water splitting, organic pollutants degradation, and reduction of CO2
and NOx, owing to its low cost, unique semiconductor band structure
and excellent chemical and thermal stability [1–18]. However, bulk gC3N4 synthesized via traditional thermal polymerization methods usu
ally suffers from low surface areas, short lifetimes of photogenerated
charge carriers caused by the π–π conjugated electronic system and
unsuitable photo-redox potential [1–8]. To solve this problem, porous or
hollow g-C3N4 materials in the shapes of nanosheets, nano/micro-tubes,
nanospheres have been fabricated. These structures give rise to
increased surface areas, promoted photoinduced charge separation and

more reactive sites for efficient photocatalysis and unusual physico
chemical properties.
Template-assisted strategies [19–31], chemical exfoliation or ther
mal oxidation of bulk g-C3N4 [32–39], have been employed to prepare
porous or hollow g-C3N4 materials. The porosity, structure, morphology,
surface area, and size can be easily tuned by appropriate templates. The
exceptional structures and high porosity of g-C3N4 constructed herein
can result in large surface areas and high numbers of active sites for
various application-driven photocatalyses. The chemical or thermal
exfoliation method can achieve high quality free-standing layers of gC3N4 nanosheets (NS) with large specific surface areas, prolonged life
time of charge carriers, improved charge transfer and separation effi
ciency and reduced recombination rate of charge carriers. However, the
use of templating and etching agents is not environmentally friendly,
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and the secondary calcination process of bulk g-C3N4 is usually time- and
energy-consuming. Self-templaing of supramolecular of melamine with
cyanuric acid, cyanuric chloride, or benzoguanaamine is a simple, safe
and cheap method to fabricate porous or hollow g-C3N4 [40–45]. These
aggregates are generated through noncovalent interactions, such as
hydrogen bonding, to form well-organized g-C3N4 precursors.
Melamine-cyanuric acid (MA-CA) complex are the commonly adopted
supramolecular precursors. The MA-CA supramolecular is fabricated by
mixing equal amounts of MA and CA, followed by heating for several
hours [40–42]. The morphologies of g-C3N4 have a relationship with the
solvents used to prepare supramolecular. For example, MA-CA synthe
sized in DMSO, and ethanol or CHCl3 generates porous hollow spherical
and tubular g-C3N4, respectively [40,41], whereas MA-CA supramolec
ular prepared in water always produces porous g-C3N4 nanosheets [40].
The tubular structure can maintained when the third monomer (such as
urea, caffeine, 2,4-diamino-6-phenyl-1,3,5-triazine, β-cyclodextrin) as
“growth stoppers” or “edge-termination agents” is introduced into the
MA-CA supramolecular formed in water [46–50]. It is well known that
MA can spontaneously transform into CA under suitable conditions.
Therefore, the MA-CA supramolecular can be fabricated through an in
situ self-conversion process under hydrothermal conditions [51–54]. In
this case, the gained g-C3N4 exhibits tube morphology as well. The
shapes of g-C3N4 are believed to reflect the morphology of starting MACA aggregates resulting from the self-templating of the MA-CA pre
cursors during thermal-condensation. However, this mechanism is
barely satisfactory to explain the independence of g-C3N4 structure on
the shape of MA-CA precursors in some cases. For instance, MA-CA
prepared in water typically shows the rod-like morphology, but the
derived g-C3N4 is in the shape of nanosheets instead of nanotubes; MACA synthesized in organic solvents demonstrates rod-like, pancake-like
or needle-like shapes, however, all these MA-CA precursors result in
tubular g-C3N4 after calcination [40]. Therefore, accurate design and
control the morphology of g-C3N4 can not be easily realized just by
tuning the solvents for the preparation of MA-CA supramolecualrs ac
cording to this mechanism. Since the photophysical properties and the
photocatalytic activity of g-C3N4 are strongly influenced by its
morphology, it is essential to investigate the formation mechanisms of
various shapes of g-C3N4 derived from MA-CA aggregates.
In the present study, the mechanochemical technique is adopted to
prepare MA-CA aggregates. Very small amount of solvents or acids are
added in mechanochemical method, which can avoid the possible effect
of solvents or additive (such as organic or inorganic acids) on the
morphologies of g-C3N4. Both MA-CA mixture and supramoleculars are
fabricated by adjusting the grinding time or types of solvents. In doing
so, we have the chance to discover that rod-like MA-CA aggregates are
in-situ generated from MA-CA mixture via solid-state interaction in the
thermocondensation process. The shape of g-C3N4 is determined by the
bonding degree between MA and CA instead of the morphology of the
starting materials.

temperature, faint yellow to bright yellow g-C3N4 materials were
gained. For G (HAc), the powders were washed with DI water to removal
residual HAc and dried at 60 ◦ C before calcination.
2.2. Photocatalytic experiments
Water splitting reactions were carried out in a Pyrex top-irradiation
reaction vessel connected to a glass closed gas system. For each exper
iment, 20 mg of catalyst was dispersed into 50 mL of aqueous solution
containing 10 vol% triethanolamine of sacrificial agent and 3.0 wt% Pt
as cocatalysts. After bubbling with N2 for 30 min to removal O2, the vial
was vacuumed until the pressure gage was stable. Visible light was
served by a 300 W Xenon lamp equipped with a long pass wavelength
filter of λ > 420 nm. The distance between the light source and the re
action solution was 10 cm. The temperature of the reaction system was
maintained at 10 ◦ C using a flow of cooling water. The evolved gases
were in situ analyzed by a TCD and 5 Å molecular sieve column
equipped gas chromatograph (GC-14).
To investigate the photocatalytic performance of these g-C3N4 ma
terials, sulfamethazine (SMT), a kind of sulfonamide antibiotics,
Rhodamine B (RhB) and methylene blue (MB) were used as model
compounds. Typically, 25 mg of the photocatalyst powder was dispersed
in 50 mL pollutant solution with a concentration of 10 mg L− 1. Prior to
visible light irradiation, the resultant mixture was stirred in the dark for
30 min to achieve an adsorption–desorption equilibrium. At the given
intervals, 1.0 mL of the suspension was withdrawn and filtered to
remove the residual photocatalyst particulates. The concentration of
SMT was measured with Dionex ultimate 3000 HPLC (Dionex, Sunyvale,
CA) with a PDA-100 photodiode array detector and an Acclaim 120 C18
column (5 mm, 4.6 × 250 mm). The mobile phase was composed of
acetonitrile and water (25:75, v/v) at a flow rate of 1.0 mL min− 1 with a
column temperature of 30 ◦ C. The detection wavelength was set at 280
nm. The concentration of organic dyes was analyzed by measuring the
maximum absorbance at 554 nm for RhB and 662 nm for MB using a
UV–Vis spectrophotometer.
3. Results and discussion
3.1. Preparation of MA-CA mixture/supramolecular
Individual MA and CA crystals with smooth surface could be
observed in the SEM image of G (manual) (Fig. 1A), indicating that the
sample was merely the mixture of CA and MA. These crystals were
exfoliated after grinded for 1 h, and fused gradually with the formation
of small particles after grinded for 3 and 5 h (Fig. 1B-1D). But the bulk
crystals still existed even in the G 5 h sample. With the addition of sol
vents, the individual CA and GA particles vanished in the grounded
samples accompanying with the generation of seriously aggregated
particles with ill-defined morphologies (Fig. 1E-1I).
The XRD patterns of G (manual), G 1 h, G 3 h and G 5 h showed that
they can be regarded as the mixture of CA and MA (Fig. 2A). A weak and
broad diffusion peak at about 2θ = 10.8◦ was present in the XRD pattern
of G 5 h (Fig. 2B), which should be assigned to the diffusion peak of MACA aggregates [40]. In the XRD patterns of solvent-aided samples, the
intensities of diffusion peaks of individual MA and CA significantly
reduced, and the number and intensity of peaks for MA-CA aggregates
obviously increased. Especially, the peak at 2θ = 10.8◦ was split into two
peaks in XRD pattern of G (water) and G (HAc), which suggested that
MA-CA aggregates in the two samples possessed better crystallinity than
in other MA-CA samples.
In the FTIR spectrum (Fig. 2C) of MA, the out-of-plane NH2 bending
vibrations showed a series of splitting peaks in the range of 450–800
cm− 1, the characteristic stretching modes of C-N bonds of triazine ring
appeared at 815 cm− 1 and 1000–1700 cm− 1, and the stretching vibra
tions of N − H bonds exhibited four splitting peaks in the range
3100–3650 cm− 1 [55]. In the spectrum of CA, the C = O stretching

2. Materials and methods
2.1. Preparation of melamine-cyanuric acid mixture/aggregates and
derived g-C3N4
The powders of melamine (5 g) and cyanuric acid (5.12 g) with molar
ratio of 1:1 were manually grinded with a mortar and pestle for 10 min.
The obtained sample was shorted as G (manual). The mixture was also
mechanically milled in a planetary grinder without solvents for 1 h, 3 h
and 5 h, respectively, or with the addition of small volume (1 mL) of
water, ethanol, methanol, DMF and 3 M HAc for 3 h, respectively. The
grounded samples were labeled as G 1 h, G 3 h, G 5 h, G (water), G
(ethanol), G (methanol) G (DMF) and G (HAc), respectively. These
materials were wrapped in Al foil, put into a quartz boat, and then
heated to 550 ◦ C in a tube furnace with a heating rate of 5 ◦ C min− 1 in N2
stream, holding this temperature for 3 h. After cooling to room
2

H. Niu et al.

Chemical Engineering Journal 411 (2021) 128400

Fig. 1. SEM images of G (manual) (A), G 1 h (B), G 3 h (C). G (5 h) (D), G (DMF) (E), G (methanol) (F), G (ethanol) (G), G (water) (H) and G (HAc) (I). Insets B-I show
the SEM images of these materials with high magnification.

vibrations were located at 1723 and 1754 cm− 1. The FTIR spectrum of G
(manual) proved that this sample was composed of mixed CA and MA.
For G 3 h and G 5 h, the C = O stretching vibrations of cyanuric acid were
shifted to 1740 and 1784 cm− 1, and the triazine ring vibration split into
two peaks at 815 cm− 1 and 750 cm− 1, which resulted from the hydrogen
bonding of N–H∙∙∙O and N–H∙∙∙N linkages between MA and CA
[40,49]. Compared to G 3 h and G 5 h, the vibrations peaks of N–H
weakened and stretching peaks of triazine rings strengthened in the
spectrum of G (DMF), indicating the increased hydrogen bonding be
tween MA and CA in G (DMF) samples. In the FTIR spectra of polar
solvents aided samples, the adsorption peaks of individual MA and CA
generally disappeared, for example, the characteristic peaks for N–H
stretching vibrations in 3100–3650 cm− 1 decreased to two peaks;
meanwhile, the peaks for triazine rings vibration became sharp and
strengthened in intensity at 1000–1700 cm− 1, and nearly vanished at
815 cm− 1 with the growing up of a peak at 750 cm− 1. These results
suggested that the polar solvents aided samples were mainly composed
of MA-CA supramoleculars.
The above results indicated that hydrogen bonding degree between
MA and CA varied under different grinding conditions. The bonding
degree of MA and CA followed the order of G (manual) < G 1 h, G 3 h
and G 5 h ≤ G (DMF) < G (methanol), G (ethanol) < G (water) and G
(HAc).

3.2. Morphologies of g-C3N4 derived from MA-CA mixture/
supramoleculars
The g-C3N4 derived from G (manual) exhibited two morphologies
(Fig. 3A), bulk particles and short hollow nanorods (1–2 μm in length,
0.8–1.5 μm in outer-diameter) (labeled as g-C3N4 (BHR)). The samples
generated from G 1 h existed as short hollow nanorods (0.67–1 μm in
length, 0.5–0.9 μm in outer diameter) (labeled as g-C3N4 (HR)) (Fig. 3B).
The g-C3N4 obtained from G 3 h, G 5 h and G (DMF) possessed welldefined short, thick nanotubes morphology (labeled as g-C3N4 (NT))
(Fig. 3C-3E). The thickness of the tube wall, the length and diameter of
the tubes ranged in 50–200 nm, 200–400 nm, and 100–200 nm,
respectively.
The g-C3N4 materials generated from G (methanol) and G (ethanol)
were composed of nanotubes and nanosheets (g-C3N4 (NTS)). The
nanotubes with broken walls can be observed in their TEM images
(Fig. 3F and 3G insets). The tubular structure generally disappeared in G
(water) and G (HAc) derived g-C3N4 samples, and porous nanosheet was
the dominant shape (g-C3N4 (NS)) (Fig. 3H and 3I). In general, the
morphologies of g-C3N4 samples originated from polar solvents aided
MA-CA supramolecular were consistent with those generated from MACA supramolecular synthesized via hydrothermal or solvothermal
methods [41,42].
3.3. Formation mechanisms of g-C3N4 with different morphologies
To disclose the formation mechanisms of these g-C3N4 materials,
3
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Fig. 2. XRD patterns at 2θ = 10-40◦ (A) and 10-15◦ (B) and FTIR spectra (C) of MA-CA mixture or supramoleculars prepared under different condition.

TGA analysis of the starting material was carried out. The TG-DTG
curves (Fig. 4) show that MA rapidly sublimated at 220–335 ◦ C (the
endothermal peak was at 320 ◦ C). For CA, there were two weight losses,
240–260 ◦ C (loss of crystal water, the endothermal peak was at 256 ◦ C),
and 270–380 ◦ C (complete decomposition of CA, the endothermal peak
was at 363 ◦ C). In the TG-DSC curve of grounded MA-CA samples, water
loss of CA was inhibited significantly with the endothermal peaks
increased to 268–305 ◦ C; meanwhile, the endothermal peaks for
decomposition/sublimation of individual CA and MA were shifted to
higher temperatures. It was reported that the copolymerization between
–NH2 groups of melamine and –COOH groups of oxalic acid during
calcination induced a new endothermal peak at 290 ◦ C as melamineoxalic acid supramolecules were used as starting materials [43].
Therefore, the relieved water loss with the red shifted endothermal peak
in the TG-DTG curves of these samples might be caused by the possible
interaction between CA and MA at heat. The disappearance of endo
thermal peaks for decomposition/sublimation of individual MA and CA
combined with appearance of the new endothermal peaks suggested the
formation of MA-CA supramoleculars in the heating process.
The intermediates of the g-C3N4 derived from G 3 h and G (HAc) at
360 ◦ C, 400 ◦ C, 450 ◦ C, and 500 ◦ C were collected, respectively. When G
3 h was used as starting material, white powder with rod-like
morphology was obtained at 360 ◦ C (Fig. S1A), which was indexed to
be MA-CA supramolecular judged by its XRD pattern (Fig. S2). This
perfectly confirmed the in-situ generation of rod-like MA-CA supramo
lecular from their mixture during calcination. At 400 ◦ C, the gained
white powders existed overwhelmingly as short and thick tubes, which
was assigned to melem according to the XRD pattern [43] (Fig. S1B and

Fig. S2). At 450 and 500 ◦ C, tubular g-C3N4 materials were obtained
(Fig. S1C and 1D). Similar products were gained at different temperature
from G (HAc). But the tubes structures remained at 450 ◦ C and destroyed
into porous nanosheets when the temperature was higher than 450 ◦ C
(Figs. S3 and S4).
It was reported that the quick crystallizing of MA-CA supramolecu
lars rendered the rod-like polymers bearing inhomogeneous density in
different regions, namely, a higher dense of surfaces (edges) and a lower
dense of inner region. Therefore, g-C3N4 materials derived from MA-CA
supramoleculars usually possess hollow (nanotubes) or porous structure
[46,56]. In this study, the morphologies of g-C3N4 materials were
controlled by the hydrogen bonding degree of CA and MA in the starting
materials. For G (manual), only part of MA and CA were transformed
into MA-CA aggregates in the heating process. Decomposition or subli
mation of MA, CA and their supramoleculars started at different tem
peratures, leading to continuous release of low concentration of gases
and gentle erosion of the rod-like MA-CA template. Consequently, mixed
bulk and hollow nanorods g-C3N4 were obtained. As to G (water) and G
(HAc), there was only one endothermal peak at high temperature in TGDTG curve (Fig. 4). This suggested that CA decomposition, MA subli
mation/condensation coincided in the same time, which caused emis
sion of various kinds of gases such as HCN, HOCN, NH3, NOx in a short
time [46]. Serious pealing and rapture of MA-CA supramolecular tem
plate led to production of broken nanotubes or porous nanosheets. With
regard to MA-CA supramolecular in-situ generated from G 1 h, G 3 h, G
5 h and G (DMF), the hydrogen bonding degree of MA and CA was not
strong enough, resulting in step by step decomposition/sublimation/
condensation of MA and CA. The relieved erosion of MA-CA
4
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Fig. 3. SEM images of g-C3N4 derived from G (manual) (A), G 1 h (B), G 3 h (C), G 5 h (D), G (DMF) (E), G (methanol) (F), G (ethanol) (G), G (water) (H) and G
(HAc) (I). Inset A represents SEM image of g-C3N4 (BHR) with high magnification, insets D-I show the TEM images of the corresponding g-C3N4.

supramolecular template helped the formation of tubular structure. The
hydrogen bonding degree of MA and CA in the G (ethanol) and G
(methanol) fell in between the two kinds of MA-CA supramoleculars,
which caused the coexistence of nanotubes and porous nanosheets.
Illustration of the formation mechanisms of hollow/tubular/porous gC3N4 samples derived from MA-CA mixture/supramolecular is shown in
Fig. 5.

mixture/supramoleculars owned fewer functional groups, resulting in
less defects on their surface than sole MA derived g-C3N4.
The surface areas and pore size distribution of these materials were
studied with the nitrogen adsorption − desorption isotherms (Fig. S8).
All the samples exhibited type IV isotherms with H3 hysteresis loops,
which demonstrated the presence of mesoporous structure. The specific
surface area of bulk g-C3N4, g-C3N4 (BHR), g-C3N4 (HR), g-C3N4 (NT), gC3N4 (NTS) and g-C3N4 (NS) was 10.3, 46.0, 61.2, 122.5, 89.3 and 89.9
m2 g− 1, respectively. The average pore diameters of these hollow or
porous g-C3N4 samples were centered at 26.8 nm. For g-C3N4 (NTS) and
g-C3N4 (NS), pores at 55 nm and 82 nm were observed, indicating the
hierarchical structure of these porous materials.
To investigate the band structure and photo absorption ability,
UV–Vis DRS spectra were carried out and showed in the Fig. 6A. The
bandgap energies of all samples were derived by Kubelka–Munk
method. The Eg of bulk g-C3N4, g-C3N4 (BHR), g-C3N4 (HR), g-C3N4
(NT), g-C3N4 (NTS) and g-C3N4 (NS) was 2.72, 2.72, 2.75, 2.78, 2.71,
and 2.73 eV, respectively (Fig. S9). The slightly larger bind gap of hol
low or porous g-C3N4 than bulk g-C3N4 may be ascribed to the quantum
confinement effect induced by the decline in the thickness of g-C3N4
layer [30]. From valence band (VB) XPS spectra (Fig. 6B), the positions
of VB maxima was estimated to be 2.17, 2.19, 2.17, 2.12, 2.13, and 2.25
eV for bulk g-C3N4, g-C3N4 (BHR), g-C3N4 (HR), g-C3N4 (NT), g-C3N4
(NTS) and g-C3N4 (NS), respectively, and the positions of CB maxima
was calculated to be − 0.55 eV, − 0.53 eV, − 0.58 eV, − 0.66 eV, − 0.58 eV
and − 0.48 eV, respectively.
To clarify the process of photogenerated carrier migration and sep
aration, the steady-state photoluminescence (PL) and time-resolved PL
were performed. Photoluminescence spectra indicate the recombination

3.4. Properties of g-C3N4 samples
The bulk g-C3N4 has two main peaks located at 2θ = 13.1◦ and 27.4◦ ,
which can be indexed to the (1 0 0) and (0 0 2) diffraction planes of gC3N4 (JCPDS 87–1526), respectively (Fig. S5). In the XRD patterns of
hollow g-C3N4 samples, the lateral peak at 2θ = 27.4◦ shifted to higher
2θ angles, suggesting the reduced stacking distance of g-C3N4 layer
[30,37].
The XPS analysis displayed that bulk g-C3N4 contained 3.35% of O
atoms, while the hollow/porous g-C3N4 samples had less O atoms
(1.5–2.34%) on the surfaces. The high-resolution C 1 s spectra of these gC3N4 samples (Fig. S6) were resolved into two peaks at 284.6 and
~287.9 eV, which originated from graphic carbon and sp2 hybridized
C− (N)3 bond, respectively [24,30]. The N 1 s signals (Fig. S7) can be
fitted into three species centered at ~398.9, ~399.5, and ~401.0 eV,
corresponding to sp2 hybridized nitrogen atom in C − N = C, bridging
tertiary nitrogen with carbon atom (N-(C)3), and N − H groups,
respectively [13,30]. The content of N–H groups on the surface of bulk gC3N4 was 16.8% and higher than those on the surface of hollow/porous
g-C3N4 materials (ranged in 13.6–14.6%) (Fig. S7). These studies sug
gested that hollow/porous g-C3N4 products obtained from MA-CA
5
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rate of photoexcited electrons and holes, and the fluorescence intensity
is positively correlated to the recombination degree [57]. As shown in
Fig. 6C, the emission peak intensities in the PL spectra of hollow and
porous g-C3N4 samples were lower than that of bulk g-C3N4. Especially,
g-C3N4 (NT) and g-C3N4 (NTS) possessed much weaker emission peak
with respect to other g-C3N4 samples, indicating the efficient charge
transfer efficiency of the two samples. Fluorescence decay lifetime curve
can better illustrate the separation, transfer, and recombination of the
photoexcited electrons and holes. The longer the decay time of the
fluorescence lifetime, the weaker the recombination of photoexcited
electrons and holes. In Fig. 6D, the decay lifetimes of bulk g-C3N4, gC3N4 (BHR), g-C3N4 (HR), g-C3N4 (NT), g-C3N4 (NTS) and g-C3N4 (NS)
was 5.25, 29.4, 27.0, 27.4, 16.4, and 5.73 ns, respectively. Obviously,
the hollow/tubular g-C3N4 samples showed better charge separation
ability than bulk g-C3N4 and porous g-C3N4 (NS). The photocurrent
response spectra of all the g-C3N4 samples were tested to further clarify
the separation and migration efficiency of photogenerated carriers. The
photocurrent density generated in g-C3N4 (BHR), g-C3N4 (HR), g-C3N4
(NT), g-C3N4 (NTS) and g-C3N4 (NS) electrodes was 2.0, 0.4, 11.2, 6.2,
and 1.4 times higher than that obtained in the bulk g-C3N4 electrode
(Fig. 6E). Since the band gaps of these g-C3N4 samples were close to each
other, they should exhibit similar visible light response. Then the
different photocurrent density of these electrodes might reflect their
different photogenerated electron–hole separation efficiency. The
photocurrent is formed due to the diffusion of photo-generated electrons
to the back contact, while holes are absorbed by the hole acceptors in the
electrolyte [58]. Therefore, the enhanced photocurrent response indi
cated that the hollow or porous g-C3N4 samples had higher photo
generated electron–hole separation efficiency than bulk g-C3N4.
To further comprehend the charge carrier behaviors of different
shaped g-C3N4 samples, Mott − Schottky analysis was conducted.
Charge carrier concentrations and flat band potentials of these samples
were calculated using the Mott-Schottky relation (Eq. (1)).
{
}
1
2
kT
(1)
=
(V
−
V
)
−
FB
2
Csc
eε0 εr ND
e

Fig. 4. TG (A) and DSC (B) curves of MA-CA mixture or supramoleculars.

ND =

2
eε0 εr n

(2)

In Eq (1), Csc is space-charge capacitance per unit area; εr is the
dielectric constant of the semiconductor; ND is carrier concentration;
ε0 is the vacuum permittivity (8.854 * 10-12F m− 1); k is Boltzmann
constant (1.381 * 10-23 J K− 1); T is temperature in (298 K); e is the
electron charge (1.602 * 10-19C); VFB is flat at band potential and V is the
applied potential. ND is calculated from the slope of the Mott–Schottky
equations (Eq (1), using Eq (2)). VFB is obtained at the point of inter
section of the slope (n in Eq (2)) with the potential axis as shown in the
Mott–Schottky plots (Fig. 6F).
All the hollow or porous g-C3N4 samples showed positive slopes
(Fig. 6F), reflecting the n-type nature of semiconductors, concordant
with the photocurrent − time curves. The potential of VFB of these
materials followed the order of g-C3N4 (NT) < g-C3N4 (NTS) = g-C3N4
(HR) < g-C3N4 (BHR) < g-C3N4 (NS), which was consistent with the
relative positions of CB maxima calculated from their bandgaps and VB
positions. In the literature, ε for g-C3N4 was reported to be about 7–8
[59]. We assumed that all these g-C3N4 samples possessed the same
dielectric constant. As a result, the ND of these materials ranged in 2.0 *
1019 -–3.8 * 1019 cm− 3, and ND of g-C3N4 (NS) was smaller than the
hollow g-C3N4 samples. In this regard, the higher donor density in hol
low g-C3N4 samples was indicative of superior spatial separation of
electron − hole pairs at the interface.
Fig. 5. Schematic diagram for the synthetic strategy of g-C3N4 with different
morphologies.

3.5. Photocatalytic water splitting and organic pollutants degradation
These g-C3N4 materials were applied as photocatalysts for water
splitting. As shown in Fig. 7A, the HER rate of bulk g-C3N4 was only 16.8
6
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Fig. 6. UV–vis DRS (A), VB XPS spectra (B), PL spectra (excitation wavelength: 365 nm) (C), nanosecond-level time-resolved fluorescence decay spectra under 460
nm laser excitation (D), photocurrent responses (E) and Mott − Schottky plots (F) of g-C3N4 with different morphologies.

Fig. 7. Photocatalytic H2 evolution curves (A) and stability test of g-C3N4 (NT) within 16 h containing 4 successive cycles (B).

μmol h− 1. The HER rate of g-C3N4 (BHR), g-C3N4 (HR), g-C3N4 (NT), g-

The photocatalytic performance of these g-C3N4 materials for
organic pollutants degradation was similar with that in water splitting.
Fig. 8A illustrates that, the elimination percentage of SMT reached to
100% photocatalyzed by g-C3N4 (NT), g-C3N4 (NS), and g-C3N4 (NTS),
and 14%, 54% and 46% by bulk g-C3N4, g-C3N4 (BHR) and g-C3N4 (HR),
respectively, under visible light irradiation for 2 h. As the visible light
irradiation time extended to 4 h, the removal efficiency of SMT was
100% by g-C3N4 (BHR) and g-C3N4 (HR), but only increased to 30% by
bulk g-C3N4 (Fig. S12). The SMT degradation kinetics followed the
pseudo-first order dynamics model (Fig. 8B), and the rate constant was
0.0016, 0.0078, 0.0062, 0.0623, 0.0508, and 0.0366 min− 1 obtained by
bulk g-C3N4, g-C3N4 (BHR), g-C3N4 (HR), g-C3N4 (NT), g-C3N4 (NTS),
and g-C3N4 (NS), respectively. The catalytic performance of these gC3N4 samples enhanced with the rising of surface areas except g-C3N4
(NS). We also tested the photodegradation of organic dyes RhB and MB
by these g-C3N4 samples. All the hollow or porous g-C3N4 could trigger
complete decolonization of RhB and MB solution within 30 min and 120

C3N4 (NTS) and g-C3N4 (NS) was 122, 127.4, 214.5, 155.2, and 115.4
μmol h− 1, respectively. The g-C3N4 (NT) demonstrated the best HER
performance at a rate of 214.5 μmol h− 1 (10725 μmol h− 1 g− 1) which
was about 12-fold higher than bulk g-C3N4 (Fig. S10). Obviously, the
HER rate increased with the surface areas of g-C3N4 species with the
exception of g-C3N4 (NS). Compared to the hollow g-C3N4 samples, the
g-C3N4 (NS) possessed more positive CB position and worse photo
generated carrier separation ability, which might lead to its lower
photocatalytic activity in H2 evolution than the hollow g-C3N4 samples.
The photocatalytic stability of g-C3N4 (NT) was examined for prolonged
irradiation time. The photocatalytic activity without noticeable deacti
vation was observed after four cycles (Fig. 7B). The TEM image showed
that most g-C3N4 (NT) remained tubular structure although some tubes
had been destroyed into nanosheets (Fig. S11). These results confirmed
that g-C3N4 (NT) was a stable photocatalyst and had potential for longterm photocatalytic applications.
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Fig. 8. Photodegradation of SMT (A) and dynamics (B) over different g-C3N4 samples; degradation of MB (C) and RhB (D) photocatalyzed by these g-C3N4 samples.

reduction of O2 by e-cb via one-electron reduction process or a twoelectron reduction process (Eqs 3–9). Surprisingly, 85% of SMT was
still removed within 120 min. Therefore, we proposed that ∙O−2 /∙HO2
radicals took a minor role on SMT photodegradation. The elimination of
SMT in N2 atmosphere should result from oxidation by holes and hy
droxyl radicals generated from oxidation of H2O or OH− by holes (Eqs
10, 11). The valence band edges for these g-C3N4 samples (>2.10 V vs.
NHE) were more negative than the hole oxidation potential of ∙OH/H2O
(Eθ= + 2.70 V vs. NHE) to deny the hole oxidation of H2O on g-C3N4 in
thermodynamics. The valence band edges for these g-C3N4 samples
(>2.10 V vs. NHE) were positive than the hole oxidation potential of
∙OH/OH– (Eθ= + 1.99 V vs. NHE), hence hole oxidation of OH– on gC3N4 would be allowed in thermodynamics. This pathway could be
proved by the improvement of SMT degradation with the rising of so
lution pH (Fig. 9B). The strong or weak suppress of SMT removal by
∙O−2 /∙HO2 (BQ) or ∙OH quenchers (tBA) can be possibly explained by
the adsorption/surface-oxidation mechanism [60]. The above results
demonstrated that the photodegradation of organic pollutants pro
ceeded via oxidation by holes and ∙OH generated from oxygen mole
cules reduction by electrons and oxidation of OH− by holes (Eqs. 3–12).
The underlying photocatalytic mechanisms for pollutant degradation
over g-C3N4 with hollow or porous structures have been proposed in
Fig. 9C.

min, respectively (Fig. 8C and 8D). The bulk g-C3N4 caused 50% of RhB
decolonization within 30 min, and 100% of MB removal with an obvi
ously decreased degradation rate. The g-C3N4 (NT), g-C3N4 (NTS) and gC3N4 (NS) exhibited slightly stronger affinity ability to targets and
higher photocatalytic activity than g-C3N4 (BHR) and g-C3N4 (HR),
which might be caused by the much higher surface areas of the formers
than the latters. Although owned similar surface areas, g-C3N4 (NTS)
showed advantage over g-C3N4 (NS) both on pollutants adsorption and
photodegradation. These results suggested that not only the surface
areas and pore sizes of g-C3N4 samples affected their photocatalytic
performance on organic pollutants degradation, the morphology and
structure also took a role. The open pore network of hollow g-C3N4
samples enables fast molecule diffusion of organic targets and in-situ
generated ROS as well as the products in and out of the hollow gC3N4. Thus the cavity void realizes the enrichment of ROS and organic
pollutants into such a local microenvironment, which provides a driving
force to facilitate the oxidation degradation of pollutants.
To elucidate the photocatalytic mechanisms of these g-C3N4 mate
rials, the trapping experiments were performed to study the roles of
possible active species in photocatalysis by adding several quenchers,
that is, tert-butanol (tBA, a hydroxyl radical scavenger), p-benzoquinone
(BQ, a superoxide radical scavenger), TEOA and EDTA-2Na (hole scav
engers), and histidine (a 1O2 scavenger), respectively. As evident from
Fig. 9A, the SMT decomposition was totally restrained with the addition
of BQ. In the presence of 20 mM TEOA or 5 mM EDTA, the degradation
of SMT was also inhibited significantly, and the removal efficiency of
SMT decreased to 20% and 30% within 2 h, respectively. Whereas the
photo-degradation of SMT proceeded at a faster rate in the presence of
tBA and histidine compared to the pristine reaction system. The obvi
ously positive effect of histidine suggested the minor role of 1O2 on SMT
degradation. We further conducted the photo-reaction under N2 stream
to inhibit the production of ∙O−2 /∙HO2, 1O2 and ∙OH generated by the

g-C3N4 + hv → g-C3N4 + e- + h+(3)
e- + O2 → ∙O–2 E0 (O2/∙O–2) = -0.33 V vs NHE(4)
e- + O2 + H+ → ∙HO2 E0 (O2/∙HO2) = -0.046 V vs NHE(5)
2e- + O2 + 2H+ → H2O2 E0 (O2/H2O2)= +0.695 V vs NHE(6)
e- + ∙O–2 + 2H2O → 2∙OH + 2OH–(7)
e- + ∙HO2 + H+ → H2O2(8)
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Fig. 9. Effects of quenchers (A) and solution pH (B) on SMT degradation catalyzed by g-C3N4 (NT), and schematic diagram for the mechanism of charge separation
and photocatalytic process over hollow or porous g-C3N4 (C).

mixed nanotubes/nanosheets or porous nanosheets morphologies. The
photophysical properties and photocatalytic activity of these g-C3N4
samples are strongly influenced by their morphologies. Among these,
tubular g-C3N4 shows much superior photocatalytic performance on
water splitting and organic pollutants degradation to g-C3N4 sample to
other shapes.

e- + H2O2 + H+ → ∙OH + H2O(9)
h+ + H2O → ∙OH + H+ E0 (∙OH/H2O)= +2.70 V vs NHE(10)
h+ + OH– → ∙OH E0 (∙OH/OH–)= +1.99 V vs NHE(11)
2–
h+ + ∙O–2 + ∙OH + SMT → CO2 + H2O + SO24 + NO3 (12)
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With the assistance of the mechanochemical technique, MA-CA
mixture or supramolecular is synthesized by adjusting the grinding
time and types of solvents. The rod-like MA-CA supramolecular can be
in-situ generated in thermal-condensation process no matter MA-CA
mixture or supramolecular is applied as a starting material. The gC3N4 samples derived from MA-CA mixture exhibit hollow or tubular
structures, while those generated from MA-CA supramolecular show

Appendix A. Supplementary data
Information for chemicals and reagents and characterization, SEM
images and XRD of intermediates of g-C3N4; XRD patterns, FTIR spectra,
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C1s and N1s XPS lines, N2 adsorption-desorption isotherms and pore
size distribution curves of g-C3N4 samples; photodegradation of MB and
RhB. Supplementary data to this article can be found online at htt
ps://doi.org/10.1016/j.cej.2020.128400.
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