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Developing a new photocatalyst for fast and highly efficient organic dye degradation plays an essential role
in wastewater treatment. In this study, a photocatalyst graphite phase carbon nitride (g-C3N,4) containing
nitrogen defects (CN) is reported for the degradation of rhodamine B (RhB). The porous g-CsNg4
photocatalyst is facilely synthesized through a polycondensation method and then characterized by X-
ray diffraction (XRD), infrared spectroscopy (FT-IR), field emission scanning electron microscopy (FESEM),
N, isotherm adsorption line, and X-ray photoelectron spectroscopy (XPS). The photocatalytic activity of
the g-CsNy4 is evaluated through the degradation of RhB under visible light irradiation. The results show
that photocatalytic activity of the nitrogen-defective g-CsN4 can be improved by optimizating washing
conditions, including washing temperature, washing dosage, drying time, and drying temperature. With
the prepared nitrogen-defective g-CsNg4, decolourization of RhB is able to be completed within 20
minutes, in which the degradation rate is 1.7 times higher than that of bulk g-CsN4. Moreover, the
nitrogen-defective g-CsN,4 has high stability and reusability in the degradation of RhB. Photocatalytic
degradation mechanism investigations by ultraviolet-visible absorption spectroscopy, radical trapping
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Accepted 7th September 2021 experiments and high-performance liquid chromatography (HPLC) reveal that RhB achieved complete
mineralization through the photocatalytic degradation reaction mediated by superoxide radicals ("O, 7).

DOI: 10.1039/d1ra05535¢f This work thus provides a new approach for the preparation of photocatalysts for organic pollutants
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Introduction

In recent years, the rapid growth of industry has led to the
excessive use of chemical raw materials." The precautions of the
negative impacts of this situation were inadequate, which has led
to a global crisis, including resource shortages, pollution of the
living environment (water pollution, air pollution, and soil
pollution), and ecological pollution damage. Among them,
environmental pollution has become a prominent problem faced
by humankind;> the quality of water changes and air pollution
seriously affect human health and development.® Of the envi-
ronmental pollutions, water pollution is one of the most serious
issues and worthy of concern.*® As a basic dye, RhB has been
widely used in food processing as an additive until the discovery
of its carcinogenicity in recent years. Although this organic dye
has been banned from being used in food industries, RhB
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remains widely used in papermaking, textile printing and dyeing,
leather manufacturing, coloured glass colouring, cell fluores-
cence staining, dyeing, and fireworks manufacturing indus-
tries.*” Wastewater from these industries generally contains high
concentrations of RhB and other organic dyes that cause a series
of environmental pollution problems.>® Therefore, an efficient
and economical method is highly demanded to treat the organic
dye (particularly RhB) contamination in wastewater.
Photocatalytic technology is a green, efficient, and extremely
low-energy method that can convert light into chemical energy
for wastewater purification.’®"* This technology is able to solve
the problems of energy shortage and environmental pollution,*
thus has been received extensive attention in recent years in the
field of organic dyes degradation. In this context, semi-
conductor photocatalysts, such as titanium dioxide (TiO,), zinc
oxide (ZnO), and graphite carbon nitride (g-C3N,),">** have been
developed as the catalyst materials for photochemical reactions
under the action of light. These materials are featured with
excellent photoelectric properties and suitable energy band
structure, which can convert abundant solar energy, a natural
energy source, into valuable chemical resources for photo-
chemical reactions. Of these photocatalysts, g-C;N, has
a similar 2D layered structure to graphene," in which the plane
layers are connected by the basic structural unit's C-N bond-the
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tri-s-triazine pyrimidine unit (heptazine ring), and the layers are
connected by week van der Waals forces.'® Due to its merits of
earth abundance, environmental friendliness, chemical
stability, and proper band position in the redox reaction of
water, g-C3N, has attracted great attention in the field of pho-
tocatalysis.'” However, bulk g-C;N, has low photocatalytic effi-
ciency as its low specific surface area, limited light absorption,
and easy recombination of photo-generated carriers.'®'®
Following research found that the photocatalytic activity can be
improved through modifying g-C;N,'s morphology,'*** element
doping,”®?* and semiconductor compounding,*~*” advancing
the applications of g-C;N, in photocatalysis.®®*** In these
modification methods, the morphology control is a simple and
effective way to adjust the surface structure to improve photo-
catalytic activity without introducing additional unit compo-
nents during the synthesis process of the modified g-C3N,.*°
In this work, a porous g-C;N, photocatalyst with nitrogen
defects was developed for the photodegradation of RhB organic
dyes (Scheme 1). The photocatalyst was synthesized by a simple
precursor treatment combined with a one-step calcination
method. The photocatalyst was then characterized by X-ray
diffraction (XRD), infrared spectroscopy (FT-IR), scanning
electron microscopy (SEM), N, adsorption isotherm, and X-ray
photoelectron spectroscopy (XPS), and then was used to simu-
late visible light catalytic degradation of RhB dye wastewater. By
optimizing the four washing conditions of precursor, including
washing temperature, washing dosage, drying time, and drying
temperature, the optimal conditions for washing modification
were discussed. In comparison with the unmodified bulk g-
C;N,, the prepared nitrogen-deficient porous g-C;N, exhibits
stronger photocatalytic performance for RhB degradation.

Experimental
Materials

The precursor melamine and the dye rhodamine B were ob-
tained from Aladdin Industrial Corp. (Shanghai, China).
Methylene blue (MB) and methyl orange (MO) came from
domestic commercial suppliers. All chemicals were analytical

~
u 30 'C DI washing 550 °C,4h . . 1
— 80 °C dry for 8 h Calcination [ " Xenon lamp light
B 4 J

v _r'q NN NN N NN
4 IS SRS SRS
\, T g T
: Nﬁ/N NN N\\r
V \ efect
MBI SRR .
Melamine 1 | L g
\‘r Ny Ny mineralization
il N NYN | lNYN\'rN\r’NY
N N SNUN NN
Y J * he Y
Y He M N\‘( COOH
( , . N\NrN\NrN Y N NIN“:W;TNTNE +
8@ [ ~y @ BSPN
vt vte N N N )
(melem) N-defect g-C. ;\4 Rhodamine B

Scheme 1 Schematic illustration the design and the synthesis of
nitrogen-deficient porous g-CsN4 photocatalyst for photocatalytic
degradation of RhB.
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reagent grade and used without further purification. The
ultrapure water used in the experiment was made by the
laboratory.

Preparation of nitrogen-defective g-C;N,

Nitrogen-defective g-C;N, was synthesized using a facile poly-
condensation method. First, 2.0 g of melamine was added into
10 mL of deionized water, heated and stirred in a water bath at
30 °C for 10 min, and then dry at 80 °C for 8 h. Then, the product
was grinded evenly with an agate mortar to obtain a powdery
modified precursor. The calcination condition of precursor
refers to the preparation of bulk g-C;N,.** In addition, the water
treated precursor was transferred into a muffle furnace and heat
to 550 °C and hold for 4 h at a heating rate of 2 °C min~". After
the natural cooling to room temperature, taken out and grinded
uniformly again, the yellow powder obtained is the target
product, nitrogen-defective g-C3N, (CN). As a control, 2.0 g of
melamine was directly calcined under the same muffle furnace
calcination conditions to obtain the bulk g-C;N, (BCN).

Characterization of nitrogen-defective g-C;N,

Morphology of catalyst materials of the scanning electron
microscope (SEM) was obtained from Carl Zeiss, Gemini 500
(Carl Zelss, Shanghai). The crystal structure of the photocatalyst
was determined by X-ray diffractometry (XRD, Rigaku Dmax/
Ultima IV). The recombination rate of photogenerated elec-
trons and holes of the photocatalyst were determined by
a fluorescence spectrometer (PL, Hitachi F-4600) at room
temperature. X-ray photoelectron spectra (XPS) were taken on
a ThermoFischer, ESCALAB Xi+ (Thermo Fisher Scientific, USA).
Fourier transform infrared spectra (FTIR) were recorded with
a Nicolet 6700 spectrometer (Thermo Electron Corporation,
USA). All ultraviolet-visible (UV-vis) absorption spectra were
conducted with a Shimadzu UV-2550 UV-vis absorption spec-
trophotometer (Kyoto, Japan). UV-visible diffuse reflectance
spectroscopy (DRS, Shimadzu UV-3600) was used to analyse the
light absorption performance of the photocatalyst, and BaSO,
was used as the reference standard. The specific surface area
and pore size distribution of the photocatalyst were character-
ized using an ASAP 2020 (USA).

Optimization of synthesis conditions

The experiment used the controlled variable method to discuss
and optimize the precursor washing conditions, including
washing temperature, dosage, drying temperature, and time.

Photocatalytic degradation experiment

Under simulated visible light irradiation, the photocatalytic
activity of the product catalyst was compared by comparing the
photodegradation efficiency of RhB to find the better water
washing modification conditions. The specific experimental
steps were as follows, taking 50 mg of catalyst sample and
dispersing uniformly in 50 mL of RhB solution (10 mg L"), and
stirring for 1 hour in the dark to ensure that the photocatalyst
and RhB molecules reach an adsorption-desorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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equilibrium state. In the experiment, a 300 W xenon lamp (with
a 420 nm cut-off filter) was used as a visible light source to
illuminate the suspension. During the irradiation about 3 mL of
the suspension was sampled at the interval of every 5 minutes
and then centrifuged to remove the photocatalyst powder. The
absorbance of RhB at 554 nm at each time point was measured
using a UV-2550 ultraviolet-visible spectrophotometer. Accord-
ing to Lambert Beer's law eqn (1), the absorbance (4) is
proportional to the solution concentration (C), so the solution
degradation rate () at ¢ min can be calculated by the following
formula:

A=KLC (1)
n=(Cy— CHCy x 100% )

where A represents the absorbance of RhB dye solution at the
maximum absorption wavelength of 554 nm, K represents the
molar absorbance coefficient, L is the thickness of the absorp-
tion layer, C is the concentration of the solution, n represents
the degradation rate of the dye solution at ¢ min.

First-order kinetic model simplified from Langmuir Hin-
shelwood (L-H) model is introduced to describe the photo-
catalysis reaction:

—In(C/Cy) = Kt 3)

where C; is the concentration at ¢t min, C, is the initial
concentration of RhB and K represents the reaction rate
constant.

The light absorption performance and band gap E,

The optical band gap of CN and BCN was calculated from the
UV-vis absorption spectra based on BaSO,. According to the
following formula (4), the intersection point between the
tangent line and the X-axis is the band gap width E,.*'

() = A(hv — Ey) (4)

where «, h, v, A represent the absorbance index, Planck's
constant, frequency, and constant, respectively. The optical
band gap is represented by E,.

Cycle experiment

The stability of the synthetic material CN was verified by cyclic
degradation experiments. After each cycle, all the catalysts in
the reaction system were recovered, washed repeatedly with
deionized water and anhydrous ethanol to remove the dye
molecules on the surface, dried overnight in a vacuum at 60 °C
and ground evenly before being used for the next cycle.

Research on photocatalytic mechanism

The reactive species were explored through free radical capture
experiments to explain the mechanism of the photocatalytic
degradation of RhB. Isopropanol (IPA), p-benzoquinone (BQ)
and disodium ethylenediaminetetraacetic acid (EDTA-2Na)
were added to three independent photodegradation systems
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as hydroxyl radical ("OH), superoxide radical (‘O,") and pho-
togenerated hole (h') trapping agents, respectively. High-
performance liquid chromatography (HPLC) was used to
analyse the initial RhB solution and the degraded products to
reveal the degradation pathway and mechanism.*

Results and discussion
Preparation and characterization of CN

As is shown in Scheme 1, porous g-C;N, photocatalyst with
nitrogen defect (CN) was synthesized by a simple precursor
treatment and one-step calcination using melamine as the
source of carbon and nitrogen. CN has good reusability and
chemical stability, and can serve as a material for photocatalytic
degradation of organic dyes such as RhB, MO and MB (Fig. S17).
In comparison with BCN, the porous g-C;N, photocatalyst (CN)
shows higher efficiency for RhB dye degradation under simu-
lated visible light irradiation as evidenced by the completion of
RhB decolorization within 20 minutes.

The morphologies of BCN and CN were characterized by
scanning electron microscopy (SEM). As shown in Fig. 1a-d, the
surface of BCN is smooth and agglomerated. A large number of
pores are observed for the CN surface, indicating that more
reactive sites on the CN's surface and thus higher photocatalytic
efficiency are expected for CN. The EDS-mapping spectra of CN
(Fig. 1e-g) show that C and N elements are evenly distributed in
the photocatalytic materials of CN.

The phase structure of the catalyst was then determined by
X-ray powder diffraction (XRD). Fig. 2a shows the X-ray
diffraction patterns of BCN and CN. Both CN and BCN have
two characteristic absorption peaks of g-C;N,,** indicating the
successful preparation of modified g-C;N, through the water-
washed melamine precursor method. Specifically, the diffrac-
tion peak of the material at 26 = 13.1° corresponds to the (100)
crystal plane of g-C3;N,, which is attributed to the in-plane tri-s-
triazine repeating structural unit.*® The diffraction peak at 26 =
27.3° corresponds to the (002) crystal plane, which is produced
by the interlayer stacking of conjugated aromatic rings of g-

10pm | &

Fig. 1 SEM images of (a and b) BCN, (c and d) CN and (e—g) EDS-
mapping spectra of CN.
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Fig. 2 (a) XRD patterns and (b) FT-IR spectra of BCN and CN.

C3N,.**%¢ In comparison with BCN, the weaker characteristic
diffraction peaks of CN could be attributed to the formation of
hydrogen bonds between the melamine precursor molecules
and the water molecules during the washing process. In the
process of washing melamine with water, water molecules were
connected to melamine molecules through hydrogen bonds
and electrostatic interactions, increasing the distance between
melamine molecules. The hydrogen bond interaction was
weakened during the thermal polymerization process, which
reduced the degree of polymerization during the calcination
process.*”** The bridging N atom and the terminal amino group
of the melamine molecule were relatively reduced, and the
connection of the formed tri-s-triazine structural units was
reduced. As a result, the layer structure units in g-C3N, were
reduced, and the interlayer stacking force was weakened, which
was conducive to the formation of defect g-C;N,. Moreover, as
shown in Fig. S2,T similar XRD patterns were obtained for the g-
C;N, synthesized wunder different washing conditions,
including water treatment temperature and time, and drying
temperature and time, indicating that the proposed g-C;N,
photocatalysts can be easily synthesized by precursor treatment
combined with one-step calcination method.

The structure of the product was also confirmed by the
infrared spectrum. As shown in Fig. 2b, the broad peak at about
3000-3800 cm ™" corresponds to the stretching vibration of the
intermolecular N-H bond and O-H bond. The multiple
absorption peaks at 1200-1700 cm ' are attributable to the
stretching vibrations of N=C and N-(C); in the CN heterocyclic
ring,* and the sharp peak at 813 cm™' is the characteristic
absorption of g-C;N,, which is the characteristic respiratory
vibration of the triazine structural unit.* The absorption peaks
of the material are in good agreement with those of the original
bulk g-C3N,. As showing in Fig. S3,T similar FTIR spectra were
also obtained for the g-C;N, synthesized under different
washing conditions, indicating the successful synthesis of the g-
C;N, photocatalyst. Comparing the broad peaks around 3000-
3800 cm ™! and the sharp peaks at 813 cm™* between BCN and
CN, the absorption of CN was significantly weakened, and the
intensity of multiple absorption peaks at 1200-1700 cm™* was
also weakened to a certain extent. This might be due to the
existence of nitrogen defects, which destroyed the structural
integrity of tri-s-triazine structural units.*” It further showed
that the degree of polymerization of CN was lower than that of
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BCN, which was consistent with the above-mentioned XRD
analysis results.

XPS spectra of the BCN and CN photocatalysts were then
recorded for further investigating the surface composition and
chemical structure. As shown in Fig. 3a, the XPS full spectrum
shows that both BCN and CN have C, N, and O elements. The C
and N elements came from the photocatalytic material itself, and
O mainly came from H,O and O, molecules absorbed on the
photocatalyst. The C 1s high-resolution spectra of both BCN and
CN show characteristic peaks at 288.3 and 284.9 eV (Fig. 3b and
c), corresponding to the sp>hybridized C (N=C-N) in the
aromatic ring and the sp> C-C bonds in adventitious carbon
species.® The N 1s spectra of both BCN and CN exhibit four
characteristic peaks (Fig. 3d-e). The highest binding energy at
398.6 €V is attributable to C=N-C in the triazine ring, and the
binding energies at 399.4 eV and 401.2 eV are attributed to the sp*
hybrid N in N-(C); and the amino functional group N-H,
respectively. The weaker peak at 404.6 eV could be attributed to
the charge effects or charge localization effects.**

The chemical composition of CN was also analysed by N 1s
peak fitting, and the data were presented in Table 1. The sp?
hybrid N in N-(C); and the terminal amino functional group
N-H in CN are significantly lower than those of BCN. According
to the distribution of N 1s binding energy, it could be seen that
the N defects in CN were mainly caused by the loss of bridging
sp> N atoms and terminal amino groups. Table S1} of the EDS
elemental analysis results showed that the C/N molar ratios in
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Fig. 3 (a) XPS full spectrum, (b and c¢) C 1s high-resolution spectrum,
(d and e) N 1s high-resolution spectrum of BCN and CN.
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Table1l Covalentbond distribution of N 1s binding energy of BCN and
CN

398.6 eV 399.4 eV 401.2eV  404.6 eV
Binding energy (C=N-C) (N-(C);) (C-N-H) (charge effects)
BCN 45.73% 35.16% 10.79% 8.32%
CN 56.40% 29.45% 4.33% 9.82%

BCN and CN were 1.053 and 1.782, respectively, which further
proved the existence of N defects in CN.

BET was then used to determine the specific surface area of
CN and the pore size distribution of its porous structure. As
shown in Fig. 4, the N, adsorption-desorption isotherms of
BCN and CN show IV-type isotherms,*® and both have a certain
degree of an H;-type hysteresis loop, indicating that there are
a large number of mesopores in the synthetic material.>® It can
also be seen from the pore size distribution graph that the
number of pores of the CN is more than that of BCN, suggesting
the higher photocatalytic activity of CN.

Fig. 5a shows the UV-vis absorption spectra of both CN and
BCN. The light absorption edge of CN is at 453 nm, and the light
response range is wider than that of BCN 443 nm, which is more
conducive to light absorption and utilization. The band gap
values of BCN and CN were then determined to be 2.70 eV and
2.65 eV, respectively, according to the Tauc plot method (Fig. 5b).
It can be seen that the introduction of N defects reduces the E, of
2-C;N,, makes the light absorption redshift, and broadens the
light response range. Due to the weak bonding at the defect site,
the splitting between the bonding and the anti-bonding orbitals
is reduced, resulting in the formation of electronic states in the
band gap, which has a positive effect on the photoexcitation of
the electrons, and promotes the narrowing of the band gap, and
further expand the range of light absorption.*** During the
photodegradation process, the available light absorption of the
photocatalyst increases, which is more conducive to the genera-
tion of photogenerated electrons, so as to achieve a better pho-
tocatalytic effect.

Photocatalytic activity, recyclability and stability

Fig. S4-S71 present the degradation the first-order degradation
kinetics fitting curves of RhB under the photocatalytic reaction
with g-C;N, that were synthesized by different washing
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Fig.4 (a) N, adsorption—desorption isotherm, (b) aperture distribution

curve of BCN and CN.
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Fig. 5 (a) Ultraviolet diffuse reflectance spectroscopy, (b) energy band
spectra of BCN and CN.

conditions. Based on the data of RhB degradation, the highest
RhB degradation efficiency was determined to be the CN that
was synthesized by washing with 10 mL 30 °C water and drying
at 80 °C for 8 h.

The photocatalytic stability of material CN was then evalu-
ated by RhB photodegradation experiments, and the results are
shown in Fig. 6a. It was found that CN maintained a good
photocatalytic activity after four cycles degradation of RhB. The
recyclability of CN was also confirmed by XRD and SEM data
before and after the photocatalytic reactions. As shown in
Fig. 6b and c, the crystalline form and morphology (porous
lamellar) of CN were not changed after the photocatalytic
reactions. In addition, obvious changes of photocatalytic
activity of CN in degradation of MO and MB were also not found
(Fig. S87), indicating the high stability and recyclability of CN
for organic dyes degradation.

Optical and electrochemical properties

The photoelectrochemical (photocatalysis
mechanism) of CN that involves the photogenerated electron-
hole pairs generation post light irradiation was then the pho-
toluminescence (PL) spectra of g-C3N, materials were measured
and the data were presented in Fig. 7a and S9.7 In comparison
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Fig. 6 (a) Cyclic curves for degradation of RhB by CN, (b) XRD patterns
and SEM image (c) of CN before and after photodegradation of RhB.
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with BCN, CN showed lower PL intensity due to its low
composite efficiency of photogenerated electrons and holes. As
a result of the low composite efficiency, the reaction time of
photocatalysis was relatively prolonged and the utilization rate
of charge was increased, which contributed to improving the
photocatalytic activity.

Next, the separation efficiency of photogenerated electron-
hole pairs in CN was examined using a three-electrode system.

Fig. 7b and ¢ show the impedance spectrum (EIS) and tran-
sient photocurrent response diagram (i-¢) of BCN and CN. The
arc radius of CN in the EIS Nyquist diagram was smaller than
that of BCN, indicating its higher photocatalytic activity. As
shown in Fig. 7c, without light irradiation, low and stable
current densities were observed in both BCN and CN. Upon the
light irradiation, the current of both BCN and CN increased
rapidly. A much higher photocurrent density was observed for
CN in comparison with that of BCN, indicating the higher
photocatalytic activity of CN.

Reactive substances and degradation products analysis

The reactive substances in the CN photocatalytic degradation of
RhB reaction system were then investigated. In the photo-
catalytic reaction containing both CN and RhB, IPA, BQ and
EDTA-2Na were added as the trapping agents for ‘OH, ‘O, and
h*, respectively. The C,/C, values were then recorded in these
three reaction systems. As shown in Fig. 8a, in a photocatalytic
reaction system containing CN, RhB and BQ, the degradation of
RhB is significantly inhibited. In sharp contrast, obvious
decreases of RhB degradation were not observed for the reac-
tions containing IPA and EDTA-2Na. This inhibition experiment
implies that 'O, is the main active substance for photocatalysis
reaction.

The CN-mediated RhB degradation system products were
then detected by high-performance liquid chromatography
(HPLC). As shown in Fig. 8b, RhB showed a retention time of
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Fig. 8 (a) Trapping experiment of RhB free radical degradation by CN,
and (b) HPLC determination of RhB products degraded by CN.

11.495 min. Upon light irradiation, the HPLC peak at
11.495 min was gradually decreased and finally disappeared
after 20 min light irradiation, suggesting the completion
degradation within 20 min light irradiation.

Conclusion

In summary, a nitrogen-deficient porous g-C;N, photocatalyst
was prepared and characterized as a photocatalyst for photo-
catalytic degradation of RhB. After modification under the
optimal washing conditions, the nitrogen-deficient porous g-
C;3N, photocatalyst can effectively degrade RhB dyes under
simulated visible light. The study found that the degradation
reaction can be completed within 20 minutes of light irradia-
tion, which was confirmed by UV-vis absorption and HPLC
results. This new type of photocatalyst has high photocatalytic
activity, recyclability and stability, making it useful for degra-
dation of RhB and other organic dyes such as MO and MB under
visible light irradiation. It is anticipated that this photocatalyst
to be used for future wastewater treatment.
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