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Graphitic carbon nitride (g-C3sNy4) has attracted immense interest as a promising photocatalyst. To facilitate
its versatile applications in many fields, new low-cost strategies to synthesize outstanding g-CsN4 need to
be further developed. Although supramolecular preorganization has been considered as a promising
candidate, the utilized supramolecules like melamine—cyanuric acid (MCA) are typically synthesized by
expensive triazine derivatives. Herein, wrinkled porous g-CsN4 nanosheets were successfully fabricated
by hydrothermal-annealing of supramolecular intermediate MCA synthesized by the cheap precursors
dicyandiamide and urea. During the formation of MCA, urea could act as a facile agent to react with
dicyandiamide to form melamine and cyanuric acid firstly and then assemble into MCA through
hydrogen bonds. In addition, urea could serve as a porogen and decompose to generate bubbles for
conducive formation of micro-size MCA self-templates and thus wrinkled porous g-CsN4 nanosheets
could be obtained. The nanostructure and photocatalytic performance of g-CsN4 were optimized by
modulating microstructures and physicochemical properties of MCA, which could be conveniently
controlled by urea addition and hydrothermal duration. The obtained wrinkled porous g-CsN4
nanosheets exhibit highly-efficient visible-light photocatalytic degradation compared with traditional
MCA-derived g-CsNg4, which could remove 98.3% of the rhodamine B in 25 min. The superior
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visible-light responsiveness and photochemical stability.’
However, the photocatalytic efficiency of bulk g-C;N, obtained
by thermal polymerization of traditional precursors such as

1. Introduction

With the rapid development of industrialization and urbani-

zation in the past decades, the increased discharge of harmful
and toxic organic pollutants has had a serious influence on
aquatic environments and human health.'” Photocatalysis is an
effective technique for the degradation of pollutants by using
inexhaustible and clean solar energy.* Recently, graphitic
carbon nitride (g-C3N,), a non-metal semiconductor photo-
catalyst, has attracted attention for photocatalytic degradation
of organic pollutants due to the merits of non-toxicity, superior
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melamine, dicyandiamide and cyanamide is restricted by rapid
recombination of photogenerated electron-hole pairs, marginal
visible light absorption and small specific surface area.*” In
order to improve its photocatalytic performance, various
methods have been developed, such as semiconductor
coupling,*®  element doping’™ and nanostructure
engineering.'>"

To date, tremendous efforts have been devoted to design
nanostructures of g-C;N, because the photocatalytic perfor-
mance of g-C3N, depends strongly on its morphology.*>'® The
nanostructures with high specific surface area and porosity
generally possess efficient light harvesting ability, abundant
exposed active sites for photocatalysis and accessible channels
for reactants diffusion-adsorption.””* Modified g-C;N, with
nanotubes, nanosheets and porous structures have been
successfully prepared by methods including the hard template
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method, soft template method, acid treatment method and
thermal etching method.”*** However, these methods suffer
from drawbacks such as template removal, residual impurities,
consumption of strong acids and low efficiency.”** Therefore, it
is still an urgent task to explore facile and highly-efficient
methods for the nanostructure engineering of g-C;N,.

Supramolecular preorganization approach has become an
efficient self-templating method to modulate g-C3;N, nano-
structure with remarkable photocatalytic efficiency. Supra-
molecules, like melamine-cyanuric acid (MCA), was
synthesized via linking the melamine precursors with triazine
derivatives and other chemically compatible dopants to form
hydrogen-bonded molecular assemblies.**?® Generally, MCA
possesses highly stable structure where melamine molecules
can interact with cyanuric acid by forming hydrogen bonds (N-
H---N and N-H---O). The distinctive structure of MCA leads to
the formation of porous g-C3;N, materials with high surface
Especially, various porous morphologies including
spheres, flowers and hollow structures could be obtained by
controlling the precursor molecules, solvents, synthesis
temperatures, etc.”’” However, harmful organic solvents and
expensive compatible dopants are generally used in supramo-
lecular preorganization approach, which constricts its practical
applications. It is noteworthy that the cheap urea has been re-
ported as an agent to participate in the self-assembly process of
expensive melamine and cyanuric acid through ionic interac-
tion and hydrogen bonding.*®** In addition, urea could be
transformed into cyanuric acid, melamine and g-C;N, by poly-
merization.**> Therefore, it is assumed that urea could react
with other cheap monomers to form melamine and cyanuric
acid under certain conditions and then assemble into supra-
molecular precursors like MCA. Especially, urea might act as
a typical porogen agent to enhance the porosity of MCA and
promote the photocatalytic performance of g-C;N,.

Herein, the wrinkled porous g-C;N, nanosheets were
successfully prepared from supramolecular intermediate MCA
by hydrothermal-annealing strategy. Specifically, the low-cost
monomers dicyandiamide and urea were hydrothermally
treated in water to form self-assembled supramolecular MCA
self-templates. After the subsequent annealing process, wrin-
kled porous g-C3;N, nanosheets were fabricated, whose nano-
structure and photocatalytic activity were further optimized by
modulating urea addition and hydrothermal duration. The
wrinkled porous g-C;N, nanosheets exhibit superior photo-
catalytic activity for degrading rhodamine B (RhB) and the
degradation rate is promoted by 22.3 times compared with bulk
2-C3N,. The superior performance is mainly attributed to the
modulated electronic structure, high specific surface area,
abundant exposed active sites and promoted transfer of photo-
induced charge carriers.

area.

2. Experimental details
2.1. Sample preparation

All chemicals are of analytical grade and were used without
further purification. The wrinkled porous g-C;N, nanosheets
were synthesized by hydrothermal-annealing method. Typically,
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dicyandiamide (DCDA, 4 g) and urea with specific molar ratio
were dissolved in 30 mL deionized water at room temperature.
The obtained suspensions were stirred for 60 min and then
transferred into a 50 mL Teflon-lined stainless autoclave and
heated at 160 °C for 12 h. After cooling to room temperature, the
hydrothermal products HUDx (x represents the molar ratio of
urea: DCDA, which equals 1, 2, 3 and 4) were collected by
vacuum filtration and washed with deionized water and
ethanol, then dried at 60 °C for 10 h. HUDx was calcined in
a quartz crucible with a cover at 520 °C for 4 h, followed by
natural cooling to room temperature to obtain light-yellow
powder UDx product (Fig. Slat) without further grinding. By
contrasting, UDO was synthesized by the same method without
urea and the corresponding precursor was denoted as HUDO.
Pure bulk g-C;N, (DCN) was synthesized via calcination of
DCDA at the same conditions with UDx. Both UD0 and DCN are
yellow blocky solid (Fig. S1b and ct) which should be grinded
into powder before using. In order to optimize hydrothermal
duration, molar ratio of urea: DCDA was kept at 3 and UD3-8 h
and UD3-16 h were further obtained at the corresponding
durations. Their hydrothermal intermediates were denoted as
HUD3-8 h and HUD3-16 h, respectively. In addition, HUD0-8 h
and HUDO-16 h samples were prepared to analyze the changes
of DCDA in the hydrothermal process by hydrothermal treat-
ment of DCDA for 8 h and 16 h, respectively.

2.2. Characterization

X-ray diffraction patterns of the obtained composites were
recorded by X-ray powder diffractometer (XRD, Rigaku, D/max
2500) with monochromatized Cu Ko, radiation (1 = 1.5418 A).
The scanning rate was 8° min~" with current of 200 mA and
voltage of 40 kV. Thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC) was performed on a TGA
analyzer (METTLER, TGA/DSC1) from 30 °C to 800 °C at linear
heating rate of 10 °C min~ " under nitrogen flow. Morphological
information was recorded by scanning electron microscopy
(SEM, FEI, Apreo S LoVac) and transmission electron micros-
copy (TEM, FEI, Tecnai F30). Elements contents and their
chemical states were analyzed by X-ray photoelectron spectros-
copy (XPS, Thermo, ESCALAB 250XI, Al Ka). All the binding
energies were calibrated by contaminant carbon (C 1s = 284.6
eV). Solid-state '*C magic angle spinning nuclear magnetic
resonance (NMR) spectra were investigated by JEOL JNM
ECZ600R. The Brunauer-Emmett-Teller (BET) method and
Barrett-Joyner-Halenda (BJH) model were applied to calculate
the specific surface area and diameter distributions respectively
by using a gas sorption analyzer (SSA-7000, BJbuilder). The
Fourier transform infrared (FTIR) spectra within the wavelength
range of 4000-400 cm™ ' were recorded on Bruker Alpha spec-
trometer. Optical properties were analyzed by a UV-vis spec-
trophotometer (UV-2600, Shimadzu). Photoluminescence
spectra (PL) and time-resolved fluorescence spectra (TRS) were
measured with FLS1000 Series of Fluorescence Spectrometers
(excited at 2 = 355 nm). Total organic carbon (TOC) of the
degradation solution was measured by Shimazu TOC-L
analyzer.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3. Photoelectrochemical property measurements

Photoelectrochemical measurements include transient photo-
current response (TPR) and electrochemical impedance spectra
(E1S), which were measured by a three-electrode system on an
electrochemical system (CHI-660E) with Na,SO, solution (0.1
M) as the electrolyte. Saturated calomel electrode and platinum
wire were used as the reference electrode and counter electrode,
respectively. Sample films coated on ITO glasses via a dip-
coating method (10 mg samples dispersed in mixture of 1 mL
ethanol and 20 pL Nafion) acted as the working electrode. All
the measurements were performed under illumination by using
a 300 W Xe lamp (A = 420 nm). A bias voltage of 0.5 V was
employed to test the transient photocurrent.

2.4. Photocatalytic degradation experiments

The photocatalytic performance of prepared photocatalysts was
evaluated by degrading RhB in a jacketed quartz photoreactor
with circulated water at 20 °C. Specifically, 50 mg photocatalyst
was dispersed into 100 mL 20 mg L' RhB aqueous solution.
After magnetically stirred in dark for 30 min to reach the
adsorption-desorption equilibrium, the suspension was irra-
diated under visible light by a 300 W Xenon lamp equipped with
an ultraviolet cutoff filter (A = 400 nm) from a distance of ca.
15 cm. At given time interval, 4 mL of the mixed solution was
taken out and centrifuged at 15 000 rpm for 5 min to separate
the photocatalysts. The concentration of residual RhB was
analyzed by UV-2600 spectrophotometer. The ratio of remaining
RhB concentration to its initial concentration (C/C,) is equal to
the ratio of corresponding absorbances.

3. Results and discussion

3.1. Crystalline and chemical structures of precursors and
obtained intermediates

The microstructure and performance of g-C3;N, are directly
determined by the molecular structure and physicochemical
properties of supramolecular intermediates, which could be
modulated by optimizing synthesis conditions.? Therefore, it is
necessary to identify the specific species of supramolecular
intermediates. To clarify the characteristics of different hydro-
thermal intermediates, their FTIR spectra were first examined

View Article Online
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and the results are shown in Fig. 1a and S2a.} FTIR spectra of
HUDO-8 h, HUDO and HUDO-16 h were similar with that of
DCDA, implying their similar molecular structures. However,
there were also some differences. Two strong peaks at 2152 and
2202 cm ™! could be clearly observed in DCDA, HUDO-8 h, HUDO
and HUDO-12 h, which could be ascribed to the typical infrared
vibration of cyano group (-C=N).** The characteristic vibration
peaks of carbonyl group (-C=0) in HUDO0-8 h, HUDO and
HUDO-16 h emerged at 1730 cm™'. With the extension of
hydrothermal duration, the intensity of -C=N group slightly
decreased and the intensity of -C=0 group slightly increased,
indicating the partial formation of amidinourea.*® After the
addition of urea in hydrothermal processes, -C=N disappeared
immediately in HUDx, HUD3-8 h and HUD3-16 h no matter how
long the hydrothermal process was, indicating that the varia-
tion of DCDA during hydrothermal process. The disappearance
of -C=N could be attributed to the reaction between DCDA and
urea which might induce the molecular reformation and partial
polymerization from DCDA to melamine.** Simultaneously,
strong peaks at 771 cm~ " in HUDx, HUD3-8 h and HUD3-16 h
emerged, implying the generation of triazine ring.*® Further-
more, another new strong peak centering at 1730 cm™ ' also
appeared, which could be ascribed to the characteristic vibra-
tion peak of -C=0.” The emergence of these two new func-
tional groups implied the presence of cyanuric acid in the
intermediates. Therefore, it is a feasible strategy to synthesize
supramolecular MCA by single-step hydrothermal treatment of
cheap precursors including dicyandiamide and urea, which
could significantly reduce the total cost.

To further confirm the generation of MCA, XRD character-
ization was performed and the results are displayed in Fig. 1b
and 2b. During hydrothermal process, DCDA reacted with H,O
and transformed to amidinourea.*® Hence, HUD0-8 h, HUDO
and HUDO-12 h exhibit obvious different XRD patterns from
DCDA, which is consistent with the FTIR results (Fig. 1a and
S2at). For HUDx, HUD3-8 h and HUD3-16 h samples, they
almost have similar XRD patterns, which can be well indexed to
the characteristic peaks of melamine-cyanuric acid (JCPDS 05-
0127).* Specifically, the peaks at 27.7° and 10.5° can be
assigned to the (002) plane of graphitic stacking of MCA layers
and the (100) in-plane repeating unit, respectively. Especially,
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Fig. 1 FTIR spectra (a) and XRD patterns (b) of raw DCDA, urea and the obtained intermediates.
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Fig. 2 (a) TGA and (b) DSC of HUDO and HUD3.

the characteristic peaks of urea and DCDA cannot be found,
implying they may react completely during hydrothermal
process. According to the analysis of FTIR and XRD, it is
confirmed that DCDA has reacted with urea and transformed
into MCA during hydrothermal reaction.

The structure of MCA could be controlled by adjusting urea
addition and hydrothermal duration. As can be seen from
Fig. 1a, the FTIR spectra of HUDx, HUD3-8 h and HUD3-16 h
samples are basically the same, suggesting that these two
factors have no apparent influences on the molecular structures
of the generated intermediates. However, the XRD intensity
(Fig. 1b) of the intermediates changed significantly. With the
increase of urea addition, the XRD intensity of HUDx decreased,
indicating their decreased crystallinity. The existence of
heterogeneous interface (bubbles generated by the decompo-
sition of urea) can effectively reduce the free energy of the
nucleation interface.*®* These bubbles induce the nucleation of
MCA first occur at the gas-liquid interface and then burst
nucleation to form MCA crystals with smaller size and low
crystallinity. With the increment of urea addition, more bubbles
are generated and the nucleation rate of MCA would be accel-
erated, resulting in decreased crystallinity of HUDx. With the
extension of hydrothermal duration, the crystallinity of HUD3-
8 h, HUD3 and HUD23-16 h first decreased and then increased.
When the hydrothermal duration increased from 8 h to 12 h,
the bubbles generated by urea decomposition continued to
accumulate, leading to a decrease of crystallinity. In the low
supersaturation zone, the crystal growth rate is greater than
nucleation rate.*®* When the reaction time increased from 12 h
to 16 h, the MCA crystal growth rate is greater than the nucle-
ation rate as the supersaturation of the system decreases.
Hence, the crystallinity of UD3-16 increases with the growth of
MCA crystals.

Furthermore, the thermogravimetric analysis (TGA) was
performed to illustrate the effect of urea on thermal behaviors
of HUDO and HUD3. As displayed in Fig. 2a, HUDO exhibits
about 57% weight loss from 200 to 390 °C and presents multiple
weight-loss steps along the entire TGA process, in which HUDO
molecules might be successively melt (203 °C) and condensed to
melamine (234 °C) and polymeric melem (389 °C).* In contrast,
apart from the slight weight loss before 360 °C, HUD3 shows
totally different thermal behavior with only one big mass loss
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step before 481 °C, which illustrates the hydrothermal inter-
mediates of DCDA and urea are MCA. Furthermore, differential
scanning calorimetry (DSC) was further utilized to examine the
formation temperature of g-C;N,. As shown in Fig. 2b, both
HUDO and HUD3 exhibit strong exothermic peaks starting at
about 481 °C, which indicates the generation of g-C3N,.**
Compared with HUDO, the yield of g-C;N, obtained by anneal-
ing HUD3 at 520 °C is relatively low (Fig. 2a) since self-templates
MCA releases more NH;,** which is related to the structure of
MCA.

SEM images are showed in Fig. 3a-c to analyze the micro-
structure of the synthesized intermediates. The raw material
DCDA (Fig. 3a) exhibits a square block structure with a size of
several hundred microns. After hydrothermal treatment, the
size of HUDO (Fig. 3b) has no obvious change except that its
surface becomes rougher than that of DCDA. However, the
introduction of urea induces a completely different architecture
(Fig. 3¢) compared with DCDA and HUDO. The size of HUD3 is
reduced to a few microns with pieces of fragments on its
surface. Due to the effect of bubbles generated by urea, the
growth of intermediate HUD3 was decreased, resulting in
a smaller particle size and low crystallinity, which is consistent
with the XRD data (Fig. 1b). The obvious difference in the
microstructures of the precursors might have significant impact
on the morphology of the prepared g-C;N,. Micro-size MCA with
pieces of fragments is easier to release more gas which would
lead to low yield of annealing HUD3 and a porous structure of g-
C,N,.

According to the aforementioned results, the possible
formation mechanism of MCA is proposed as shown in Fig. 4.
DCDA would react with urea and then undergo molecular
reformation and partial polymerization to form melamine and
cyanuric acid. Afterwards, melamine and cyanuric acid are
combined to generate MCA network through the hydrogen
bonds via amino groups. Especially, excessive urea would
decompose and release NH; bubbles, resulting in low crystal-
lization of MCA crystals and modulating the physicochemical
properties of MCA. The analyses above verify the hypothesis that
DCDA could react with urea and transform into MCA during the
hydrothermal process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) DCDA, (b) HUDO and (c) HUD3.

3.2. Photocatalytic activity of the obtained g-C;N, samples

DCN, UDO and UDx were prepared by annealing the corre-
sponding precursors DCDA, HUDO and HUDx, respectively.
Their photocatalytic activity was evaluated by degrading RhB
under visible light illumination. As showed in Fig. 5a, at the end
of the dark adsorption, the concentration of RhB decreases to
varying degrees. It's apparent that UDx could adsorb more RhB
than DCN. Especially, 7.5% RhB can be adsorbed by UD3, which
is 3 times higher than that of DCN (2.3%), indicating that UD3
possesses more active functional groups and larger specific
surface area. After illumination, compared with unmodified
bulk DCN, the photocatalytic activity of UDO is slightly
improved, which demonstrates the positive effect of hydro-
thermal process. After introducing urea as porogen during the
synthesis, the photocatalytic activity of UDx is further improved.
Especially, photocatalytic activity of UDx increases with the
increment of urea: DCDA ratio x from 1 to 3 and then decreases
when x increases to 4. UD3 displays the highest photocatalytic
activity which degraded RhB by 98.3% within 25 minutes.
Hence, the optimized molar ratio of urea: DCDA is 3. As dis-
cussed above, the hydrothermal duration has also impact on the
structural and physicochemical properties of the precursors
HUDx, which might further affect the photocatalytic efficiency
of the derived g-C3;N,. Therefore, in order to obtain g-C;N, with
the best photocatalytic activity, the hydrothermal duration was
optimized. UD3-8 h shows relatively poor photocatalytic activity.
The photocatalytic performance of UD3 and UD3-16 h increases

NH

\H NH;
hydrothermal
transform -
0 *.‘
Jj\ o N N YO

H’N\"/N\H
o

with the extension of hydrothermal duration (Fig. 5b). UD3-16 h
exhibits almost the same degradation efficiency as UD3, signi-
fying further increasing hydrothermal duration has little effect
on the improvement of photocatalytic performance. Therefore,
hydrothermal duration is optimized as 12 h. Based on the above
results, it is confirmed that urea induced molecular self-
assembly into MCA could prepare highly efficient carbon
nitride for organic degradation.

To quantify the degradation kinetics of RhB, a pseudo-first-
order kinetics model was used and it can be expressed by the
following equation (eqn (1)).*

In(Cy/C)) = kt (1)
where k (min™") represents the reaction rate constant, ¢ (min) is
the irradiation time, C, (mg L") is the initial RhB concentra-
tion and C; (mg L") is the RhB concentration at time t. As
shown in Fig. 5c¢, the kinetic curves display good linear corre-
lation with In(Cy/C,) and ¢, which demonstrates that the exper-
imental data are basically consistent with the pseudo-first-order
kinetics according to the above-mentioned mathematical
model. Specifically, the corresponding rate constant k increases
from 0.0069 min~" (DCN) to 0.0129 min~* (UD0), 0.1192 min~*
(UD1), 0.1478 min~' (UD2), 0.1542 min ' (UD3) and
0.0959 min~' (UD4), respectively. Accordingly, the photo-
catalytic performance of UD3 is increased by 22.3 times
compared to bulk DCN. In order to investigate the mineraliza-
tion efficiency of UD3 for RhB, TOC during degradation was
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Fig. 4 Schematic illustration for the fabrication of MCA during hydrothermal process.
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the photodegradation of RhB by UD3.

measured. As shown in Table S1,f when the degradation
duration was extended to 60 min, the TOC removal rate reached
94.8%, implying that the organic matter in the system would be
completely mineralized if the degradation time was further
extended. As listed in Table 1, UD3 exhibits superior photo-
catalytic degradation activity compared with other g-C;N,-based
photocatalysts for RhB degradation in literatures. Compared
with the g-C3;N, synthesized by urea,*> MCA using expensive
melamine and cyanuric acid***® and other supramolecules,****
UD3 synthesized by cheap dicyandiamide and urea exhibits
unique wrinkled porous nanosheets structure and excellent
photocatalytic degradation performance.

To investigate the stability of UD3, regeneration experiments
were further carried out. The catalyst was recovered by washing

t/min

(a and b) The photocatalytic degradation performances for RhB, (c) the corresponding In(Co/C,) versus reaction time t, (d) cycling tests for

with ethanol, centrifugation and drying. According to Fig. 5d,
the RhB degradation efficiency remained above 94.8% after 3
cycles. Base on the XRD (Fig. S2at) and FTIR (Fig. S2bt) anal-
yses, no substantial changes in the crystal phase and chemical
structure of regenerated UD3 sample were observed after 3
successive cycles, which indicates its good reusability and
stability for RhB removal. In order to investigate the reasons for
the improved performance of the modified g-C;N,, several
major samples including DCN, UDO and UD3 were selected to
perform various characterizations to explore the influence of
self-assembly strategies on their nanostructures and photo-
chemical properties.

Table 1 Comparison of RhB degradation rate of UD3 with those of other g-C3N4-based photocatalysts in literatures under visible light

Enhancement factor

Photocatalyst Ceat (mg ml™")  Cprpp (Mg L") Degradation rate & (min~") over reference photocatalyst Ref.
Wrinkled porous g-C;N, nanosheets 0.5 20 25 min, 98.3% 0.1542 22.3 This work
Ordered hollow g-C3N, 1.0 10 105 min, 100% — — 24
Hollow spheres g-C;N, 1.0 10 60 min, 100% 0.062 10 25
Honeycomb-like g-C3N, 0.2 20 40 min, 99% 0.1791 17.6 28
Urea-derived porous g-C3Ny 0.17 12 25 min, 100% — — 32
Porous hexagonal prism g-C3N, 1.0 10 80 min, 100% 0.053 12 41
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3.3. Microstructures and chemical compositions of obtained
g-C3N, samples

SEM images of DCN, UDO and UD3 are displayed in Fig. 6. The
typical block structure of DCN and UDO can be clearly observed
in Fig. 6a and b. g-C3N, with block structure usually exhibits
poor photocatalytic activity due to the high potential barriers
between layers which lead to poor transportation of photo-
generated charge carriers.®® During the thermal poly-
condensation process of MCA intermediates, many g-C3N,
lamellas were piled up chaotically to form a wrinkled porous
structure (Fig. 6¢ and S4a, bt). When urea was introduced into
the hydrothermal process at a molar ratio of 1 : 1, the obtained
UD1 exhibits flat nanosheets with some holes (Fig. S4at). With
the increment of urea : DCDA ratio, UD2 (Fig. S4b¥) with small
wrinkled fragments transforms to UD3 (Fig. 6¢) and UD4
(Fig. S4ct) with wrinkled porous nanosheets. To further reveal
the microstructural differences of DCN, UDO and UDx, their
TEM images are further examined and the results are shown in
Fig. 6d-f and S4d-f.7 DCN and UDO both exhibit block structure
which is consistent with the results of SEM (Fig. 6a and b). A few
holes can be observed on UDO which might originate from
rough surface of HUDO. All UDx samples exhibit porous nano-
sheets structure and the number of holes tends to increase with
the increment of urea addition. According to the SEM and TEM
images (Fig. 6 and S41), the specific surface area of UDx would
be greatly increased due to their porous nanosheet structure
compared with DCN and UDO. The unique self-template struc-
tures of HUDx are the key for the generation of porous
morphology in UDx. During annealing process, micro-size

View Article Online
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HUDx would reform into nanosheets and simultaneously
a large amount of gas (NH; and CO,) released punched abun-
dant holes in the nanosheets, leading to the formation and
evolution of a wrinkled porous nanosheets structure. Impor-
tantly, the final porous nanosheets structure can be obtained
directly by calcination rather than templating, a significant
advantage of supramolecular self-assembly strategy achieved by
hydrothermal treatment of urea and DCDA.
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Fig. 7 N, adsorption—desorption isotherms of DCN, UDO and UD3
and their corresponding pore size distribution plots (the inset graphs).

Fig. 6 SEM images of (a) DCN, (b) UDO, (c) UD3, and TEM images of (d) DCN, (e) UDO, and (f) UD3.
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To further inspect the detailed specific surface area and pore
information of the obtained materials, N, adsorption-desorp-
tion isotherms are displayed in Fig. 7. The N, adsorption-
desorption isotherms of DCN, UDO and UD3 were classified as
type IV isotherms, which increased rapidly at relative high
pressure (P/P, > 0.83). BET surface areas (Sggr) and pore
volumes for all the samples were calculated and the results are
summarized in Table S21. Compared with DCN (6.730 m> g~ ')
and UDO (7.277 m® g '), UD3 shows significantly increased
specific surface area (36.457 m* g~ '), which is about 5.4-times of
DCN and 5.0-times of UD0. Meanwhile, the pore volume of UD3
(0.149 cm?® g™ 1) are obviously larger than those of DCN (0.045
em?® g~ ') and UDO (0.069 cm® g~ ). The pore size distributions of
all samples are displayed in the inset graphs of Fig. 7 and their
average pore diameter are around several nanometers, which
confirms the mesoporous nature of the materials. The N,
adsorption-desorption results are also consistent with the
results of UD3 sample by the SEM and TEM images (Fig. 6 and
S47), which highlights the role of synthesis conditions in
creating unique morphology of UD3. Specifically, excessive urea
acts as a porogen to decompose and produce gas which leads to
the formation of supramolecular MCA self-templates and thus
wrinkled porous UD3 nanosheets. It is worthy to note that UD3
with enhanced BET surface area and pore volume could provide
more active sites and boost mass transfer process, which are
favorable for the photocatalytic performance.

XRD patterns and FTIR spectra were collected to illustrate
the molecular structural properties of the obtained samples. As
showed in Fig. S5a,T all samples exhibit two XRD characteristic
peaks of g-C3N, at 12.9° and 27.1° (JCPDS 87-1526), ascribing to
(100) peak of in-plane tri-s-triazin structural packing motif and
(002) graphitic-like interlayer-stacking peak, respectively.*?
Compared to DCN and UDO, UD3 presents weaker diffraction
peaks due to the poor crystallinity and low in-planar ordering
degree originated from the porous nanosheets, which might be
related to the low crystallinity of HUD3 (Fig. 1b). In addition, the
(002) peak of UD3 shifts slightly to higher angel, indicating
a decrease in the interlayer stacking distance, which would
facilitate faster photo-generated charge separation and trans-
portation.** The structures were further confirmed by FTIR
spectra, as shown in Fig. S5b.1 All samples show similar FTIR
spectra, revealing their similar chemical structures. The
absorption between 1200-1700 cm ™" is assigned to the typical
stretching modes of aromatic C-N heterocycles.** The absorp-
tion at 808 cm™ " is the typical out-of-plane bending mode of
triazine units, and the broad bands in the range of 3100-
3500 cm™ " correspond to the vibration modes for N-H.** The
peaks of UD3 are slightly sharper than those of DCN and UDO,
which might be due to the more ordered packing of tri-s--
triazine motifs in the nanosheets.**

The detailed surface chemical states and compositions of
DCN, UDO0 and UD3 were further studied by XPS. In Fig. S6a,T all
of the surveyed spectra exhibit similar chemical elements
including carbon, nitrogen and small amounts of oxygen. The
high-resolution C 1s spectra (Fig. S6bt) were fitted into two
peaks at 284.6 and 288.2 eV, corresponding to contaminated
carbon and sp*-hybridized carbon (N-C=N) in the nitrogen-
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rich heterocyclic ring, respectively.*> On the other hand, The N
1s (Fig. Séct) peak could be fitted into four distinct peaks. The
peak at 398.6 eV can be assigned to two-coordinate sp’-
hybridized nitrogen atoms (C-N=C).* The subpeaks at 399.6
and 401.1 eV originate from three-coordinate (N-C3) and C-NH
groups, respectively.*® The peaks at 404.4 eV can be ascribed to
the charging effects of m-excitations.*® XPS quantitative analysis
(Fig. S7t) shows that the near-surface N/C atomic ratios of DCN,
UDO and UD3 are 1.45, 1.44 and 1.47, respectively. The nearly
same N/C atomic ratio excludes the existence of N or C vacan-
cies. Furthermore, solid-state **C NMR spectra were collected to
investigate the chemical environment of C element in the
melon skeleton of DCN, UD0 and UD3. As shown in Fig. S6d,
all samples show two strong peaks located at 156.2 and
165.5 ppm corresponding to the characteristic C atoms of N=
C-N, and N=C-N(NH,) in the heptazine unites, respectively,*’
which further excludes the presence of defects.

3.4. Optical and photoelectrochemical properties of
obtained g-C3;N, samples

The light-trapping ability is of great significance for the pho-
tocatalytic process. In order to evaluate the optical properties of
all samples, UV-visible absorption spectra data were measured
and the results are shown in Fig. 8a. Compared with DCN, the
absorption edge of UDO slightly blue-shifts. After introducing
urea to synthesize MCA, the absorption edge of UD3 clearly
blue-shifts, resulted from quantum size effect of the UD3
nanosheets.”® In addition, the visible absorption of UD3 is
enlarged above 500 nm, which is attributed to the multiple
reflection and scattering effect of light in the porous micro-
structure (Fig. 6¢) and is beneficial for improved photocatalytic
performance.* Furthermore, the corresponding band gaps (Ey)
were correlated from Tauc's plots (Fig. 8b) as 2.58, 2.60 and
2.66 eV for DCN, UD0O and UD3, respectively. Increased band
gap contributes to the reduction of excitons' recombination,
which would be favorable for photocatalytic degradation.*
Moreover, band structure was studied by ultraviolet photoelec-
tron spectroscopy (UPS) and the results are shown in Fig. 8c.
The work functions (¢) of DCN, UD0 and UD3 were determined
to be 5.04, 5.08 and 5.22 eV (vs. vacuum, E,,.) respectively by
using the equation ¢ = 21.22 — (Ecuofr — E;). Here, E; equals 0 eV
due to the calibration of the equipment.®® The distances
between valence band maximum (VBM) and Fermi level (Eg) of
DCN, UDO0 and UD3 were about 1.82, 1.72 and 1.53 eV, with the
corresponding VBM positions calculated to be 6.86, 6.80 and
6.75 eV, respectively. Therefore, on the basis of the equation Ecp
— Eyp = Eg, the conduction band minimum (CBM) values were
determined to be 4.28, 4.20 and 4.09 eV for DCN, UDO and UD3,
respectively. According to the relationship between the vacuum
energy (Eaps) and the normal electrode potential (E?), E,ps = — E°
— 4.5, the corresponding band structure diagrams are depicted
in Fig. 8d.>” The results demonstrate that UD3 has more nega-
tive conduction band potential than DCN and UDO, which
would result in more powerful ability to generate strong-
oxidating superoxide radicals (O, ) and thus excellent
degrading ability for RhB.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8
DCN, UDO and UD3.

Photoluminescence spectroscopy is a powerful technology to
study the transfer and recombination of photo-induced elec-
tron-hole pairs in photocatalysts. It should be noted that higher
PL intensity is related to faster recombination of photo-induced
charge carriers, thereby resulting in a poor photocatalytic
activity, and vice versa.** UDO presents restrained intensity of PL
emission peak than that of DCN (Fig. 9a) due to suppressed
charge carrier recombination of UD0. However, the PL intensity
of UD3 is far weaker than DCN and UDO, demonstrating that
wrinkled porous nanosheets could facilitate efficient separation
of photo-induced hole-electron pairs and thereby promote the
photocatalytic degradation of contaminants.® The lifetimes of
charge carriers were further examined by correlating time-
resolved fluorescence spectra. As shown in Fig. 9b, the fluo-
rescence decay curves can be well fitted by bi-exponential
function (eqn (2)).>

Ity =A4; exp(—tlt) + 4>

exp(—t/t2) (2)

where A; and A, are the pre-exponential factor, and 7, and 7, are
the short and long fluorescent lifetimes, respectively, ¢ (ns) is
the time and (¢) is the fluorescent intensity. As showed in Table
S37, 1, of UD3 (15.4 ns) increased obviously compared to UDO
(14.6 ns) and DCN (11.5 ns), which signifies an enhanced
separation of photo-induced charges and thereby better pho-
tocatalytic performance of UD3.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) UV-visible absorption spectroscopy, (b) the corresponding Tauc's plots, (c) UPS and (d) the corresponding band structure diagrams of

The photoelectronic properties were further investigated by
measuring the transient photocurrent response and electro-
chemical impedance spectra. In comparison with DCN and
UDO, UD3 exhibits enhanced photocurrent response, as shown
in Fig. 9c. Specifically, UD3 shows the strongest photocurrent
density, which is approximately 3.9 and 2.2 times higher than
those of DCN and UDO, respectively. This phenomenon is
mainly attributed to the wrinkled porous nanosheets structure
of UD3 which could enhance the generation as well as the
transportation of excited charges and provide more mass
transfer channel.®® To obtain a deep insight into the charge
transport behavior, electrochemical impedance spectra were
examined and the results are shown in Fig. 9d. UD3 displays an
overwhelmingly smaller semicircular of Nyquist plot than DCN
and UNO, manifesting a lower interfacial resistance and more
efficient charge transfer of UD3.>® Therefore, it can be deemed
that UD3 could efficiently separate the photo-generated elec-
tron-hole pairs and transfer them to remove pollutant adsorbed
on the active sites, which is the dominant factor in promoting
its photocatalysis efficiency.

3.5. Active species during degradation

To further elucidate the degradation mechanism of RhB by UD3
under visible light irradiation, the active species trapping
conducted by using

experiments were
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ethylenediaminetetraacetic acid disodium (EDTA-2Na), iso-
propyl alcohol (IPA) and benzoquinone (BQ), which could act as
effective holes (h*), "OH™ and ‘O, scavengers, respectively.>”>
As depicted in Fig. 10, the photocatalytic activity was signifi-
cantly inhibited by BQ (1 mM) and the decomposition rate of
RhB greatly reduced from 98.3% to 12.2%, which suggests that
"0, is the major active species of the UD3 sample. Meanwhile,
the addition of 10 mM IPA and 1 mM EDTA-2Na almost made
no difference on the photodegradation of RhB, indicating "OH™
and h' are not the main active species for the degradation.

1.0

08

0.6
<) —+—UD3
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Fig. 10 Trapping experiments in the presence of different scavenges.
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These results are consistent with the calculated energy band of
UD3, which shown that the prepared UD3 can produce ‘O, as
major active species for degradation.*

4. Conclusions

In summary, wrinkled porous g-C;N, nanosheets were
successfully fabricated from self-assembly supramolecular
intermediate MCA by hydrothermal treatment of cheap DCDA
and urea. Urea plays a vital role in the process of MCA prepa-
ration and g-C;N, modification. On one hand, urea, as a cheap
monomer, could react with DCDA to form MCA. On the other
hand, urea could serve as porogen and the bubbles generated by
urea decomposition are conducive for the formation of micro-
size MCA self-templates and thus wrinkled porous g-C;N,
nanosheets could be obtained. The possible formation mecha-
nism of MCA is proposed according to the FTIR spectra and
XRD patterns, certifying the functional groups changes
including disappearance of -C=N, emergence of triazine ring
and -C=0 and the generation of MCA. The obtained wrinkled
porous g-C3N, nanosheets exhibit highly efficient photocatalytic
performance compared with g-C3N, from traditional synthesis
method by melamine/cyanuric acid-derived MCA. Among them,
UD3 synthesized by optimized preparation conditions could
remove 98.3% of RhB in 25 min and the degradation rate is
increased by 22.3 times compared with bulk g-C;N,. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic activity of the wrinkled porous g-C3;N, is
remarkably enhanced due to the urea-induced larger specific
surface area, more exposed actives sites, better light harvesting
ability, longer fluorescence lifetime, faster transfer and
advanced separation efficiency of the photogenerated electron-
hole pairs. In addition, the energy band structure of UD3 was
adjusted and the more negative conduction band potential is
conducive to produce powerful active species ‘O, to mineralize
RhB. This research might promote the applications of supra-
molecular MCA self-assembled by cheaper precursors to
synthesize highly-efficient g-C;N, photocatalysts with control-
lable nanostructures.
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