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A B S T R A C T

A highly reactive hollow tubular g-C3N4 isotype heterojunction (SCN-CN) was designed to enhance visible light
absorption and manipulate the directed transfer of electrons and holes. The results of UV–vis DRS, XPS valence
band and DFT theoretical calculations indicated S doping increases the visible-light absorption capacity and
changed the ba nd gap structure of g-C3N4 (CN), resulting in the transfer of electrons from the CN to the SCN and
holes from the SCN to the CN under visible light. In addition, the tubular structure of the SCN-CN facilitated the
transfer of electrons in the longitudinal direction, which reduced charge carrier recombination. Furthermore, the
optical properties, electronic structure, and electron transfer of SCN-CN were also studied by experiments and
theoretical calculations. The antibiotic tetracycline hydrochloride (TCH) and dye Rhodamine B (RHB) were
subjected to evaluate the photocatalytic performance of SCN-CN. The scavenger tests and ESR data showed that
the h+, ·O2

− and ·OH worked together in the photocatalytic process. Moreover, the photocatalytic degradation
pathway was analyzed by LC-MS. This study synthesized a hollow tubular CN isotype heterojunction with high
visible-light photocatalytic performance and provided a theoretical basis for CN isotype heterojunction.
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1. Introduction

In recent years, energy shortages and environmental pollution have
become the focus of attention in the world (Liu et al., 2019a; Jiang
et al., 2018a; Shao et al., 2019a; Liu et al., 2012; He et al., 2019).
Photocatalysis is an effective means to solve these problems by using
solar energy, which being studied for hydrogen production, CO2 re-
duction, ammonia synthesis and degradation of pollutants, due to its
environmental friendliness, low cost and good reusability (Liang et al.,
2019; Shao et al., 2019b; Wu et al., 2020; Pan et al., 2020; Romanos
et al., 2020). How to obtain a photocatalyst with good photocatalytic
properties is crucial, and researchers are committed to this. In general,
the photocatalytic performance mainly depends on the band gap
structure of the semiconductor (band gap, valence band, conduction
band and Fermi level position), specific surface area, pore structure,
apparent morphology light absorption capacity, and charge carrier re-
combination rate (Feng et al., 2018; Yu et al., 2019; Liu et al., 2019b;
Triantis et al., 2020).

Recently, non-metallic polymer g-C3N4 (CN) has received great at-
tention in photocatalytic degradation of contaminant systems due to its
suitable band gap (2.7 eV) (Chen et al., 2019; Luo et al., 2019; Li et al.,
2016). CN can be obtained by simple thermal polymerization through
precursors, such as melamine and urea. However, CN has low photo-
catalytic efficiency, due to its low visible light (VSL) absorption capa-
city, rapid charge carrier recombination, and small specific surface area
(Shao et al., 2019c; Wang et al., 2017). In order to improve its photo-
catalytic performance under visible light, researchers have done a lot of
research work, such as doping metal/non-metal, constructing compo-
sites (Tang et al., 2018), introducing vacancy defects (Liu et al., 2019c;
Sun et al., 2019a) and changing the morphology (Guo et al., 2016),
where the isotype heterojunction is a good choice to improve photo-
catalyst performance without relying on other semiconductors (Yang
et al., 2016; Li et al., 2017). An isotype heterojunction is created by
changing the band gap structure of the original semiconductor, and
then it is combined with the original semiconductor to construct an
isotype heterojunction (Wang et al., 2019a; Zhang et al., 2012). Due to
this unique electronic band structure, both semiconductors can gen-
erate electrons and holes through light. Meanwhile, the electrons and
holes are transferred at the heterojunction interface, which can reduce
the recombination of photoinduced e−-h+ pairs and improve the
photocatalytic efficiency.

As of now, only a few studies on CN isotype heterojunctions have
been reported, which mainly divided into different carbon nitride raw
materials (urea, melamine) (Dong et al., 2013; Liu et al., 2017; Liang
et al., 2017), different dimensions (0D, 1D, 2D) (Wang et al., 2019b;
Mahzoon et al., 2018), and element doping (B, S, P, Cl) (Yang et al.,
2016; Ruan et al., 2017; Jiang et al., 2018b). In particular, Tong et al.
first self-assembled melamine and cyanuric acid, and then combined
with urea to obtain 1D tubular CN isotype heterojunction (Tong et al.,
2016). Tong's study showed that the 1D tubular CN isotype hetero-
junction had efficient photocatalytic hydrogen production efficiency
owing the tubular structure capable of manipulating the directional
collection and transfer of electrons. However, the morphology of the
tubular CN isotype heterojunction of Tong's obtained is poor and the
visible light absorption ability is weak.

Meanwhile, theoretical calculations have important value in ana-
lyzing the electronic structural properties, optical properties, work
functions and charge transfer, and degradation mechanisms of photo-
catalysts (Liu et al., 2018a; Zhao et al., 2019; Liu et al., 2018b, c; Shao
et al., 2020). Theoretical calculations are also widely used in the de-
velopment and design of new photocatalysts, the types and positions of
doped elements, the charge transfer at the interface of composite het-
erojunctions, as well as the thermodynamics and kinetics of chemical
reactions (Zhu et al., 2017; Sun et al., 2019b; Liu et al., 2016). The
combination of theoretical calculations and experiments, which com-
plement each other, has become the current trend. Zheng et al. used a

combination of experiments and theory to study the mechanism of
degradation of bisphenol A by dual-oxygen-doped porous g-C3N4

(Zhang et al., 2019a). Through theoretical calculations, the band gap,
the density of states and the differential density of charges of the
oxygen-doped porous g-C3N4 were studied. In addition, the theoretical
calculation of the degradation mechanism and the intermediate product
were used to search the transition state.

Consequently, it is worthwhile to study how to obtain a hollow
tubular CN with good morphology and strong VSL absorption capacity.
Moreover, based on the fact that the theoretical basis of CN isotype
heterojunction is lacking, it is important to reveal the structural prop-
erties, electron transfer and degradation mechanism of tubular CN
isotype heterojunction photocatalysts by a combination of theoretical
calculations and experiments.

In this study, the hollow tubular S-doped CN isotype heterojunction
(SCN-CN) with good morphology and strong VSL absorption capacity
was firstly prepared by in situ self-assembled melamine, trithiocyanuric
acid and urea. The SCN-CN exhibited significantly improved visible
light removal of TCH and RHB, which was attributed to the construc-
tion of heterojunctions, S-doping and hollow tubular structures. This
unique composite structure led to its strong visible light absorption
ability and good charge separation ability. This work proved that the
hollow tubular g-C3N4 isotype heterojunction constructed by simple in-
situ self-assembly technology had strong visible light photocatalytic
performance, and it had good application potential in the environ-
mental field.

2. Experimental

2.1. Chemicals and materials

Melamine was obtained from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Trithiocyanuric acid was obtained from 9 din.
Biotechnology Co., Ltd (Shanghai, China). TCH was purchased from
Bomei biological technology Co., Ltd (Hefei, China). The RHB was
provided by Tianjin Fuyu Fine Chemical Co. Ltd (Tianjin, China). The
ultrapure water (18.25 MΩ cm−1) was used throughout the experiment.

2.2. Construction of SCN-CN isotype heterojunction

For tubular SCN-CN composite material, the band gap structure of S-
doped carbon nitride (SCN) was adjusted by doping different amounts
of S atoms in CN. Then, the SCN with a suitable band gap structure was
combined with CN to construct the SCN-CN composite material. The
SCN-CN was fabricated according to literature (Tong et al., 2016) and
made some improvements. The specific preparation process of SCN-CN
was as follows: melamine (1.01 g, 0.8 mmol) and a certain amount
trithiocyanuric acid (1.41 g, 0.8 mmol) were dissolved in 80 mL ethanol
solution (50 %). The solution was then stirred and self-assembled at
room temperature for 4 h. Then, the mixture was transferred to an
autoclave and heated at 100 °C for 6 h. Next, the product was filtered
and dried to obtain tubular mixture SCN precursor. After that, 1.21 g of
SCN precursor was added to 40 mL ethanol solution and stirred, and
then 40 mL ethanol solution was added to the above solution containing
a certain amount of urea (0.6 g, 0.9 g, 1.2 g) and stirred for 4 h. The
obtained yellow mixtures were filtered, water washed, dried to remove
unattached urea, and then calcined at 550 °C (2.3 °C min−1) under N2

atmosphere for 4 h in a tube furnace. After the above samples were
calcined and ground, they were recorded as SCN-CN-1, SCN-CN-2, and
SCN-CN-3, respectively. For comparison, SCNx with different S doping
amounts was prepared without adding urea, where x was the molar
ratio of thiocyanuric acid/melamine, namely, SCN0.5, SCN1, SCN1.5, and
the SCN-CN composite materials in this manuscript correspond to SCN1.
As shown in Fig. S1, different preparation conditions, including dry
cure, self-assembly time, pressure, temperature, and solution were in-
vestigated for the effect of SCN-CN morphology. In addition, bulk
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carbon nitride CN was obtained by calcining melamine.

2.3. Structural characterization methods

The morphology and microstructure of the samples were revealed
by SEM (FEI Quanta-F250, Germany), TEM and HRTEM (FEI Tecnai-G2
F20, Germany). The crystal phase of the samples was obtained using a
XRD (Bruker AXS D8, Germany) with a Cu-Ka radiation (λ=1.5406 Å).
The surface elemental composition was surveyed by XPS (PHI 5300
ESEA, Japan) using the C 1s peak at 284.8 eV as a standard. The specific
surface area and pore distribution were measured at -196 °C using an
analyzer (Quantachrome Quadrasorb SI, United States). The ultraviolet-
visible diffuse reflectance spectra of the samples were obtained with
UV–vis diffuse reflectance spectrophotometer ((Shimadzu UV-2600,
Japan) using BaSO4 as the standard. The photo-luminescence (PL)
spectra performed on a fluorescence spectrometer (Hitachi F-7000,
Japan) at the excitation wavelength of 350 nm. The electrochemical
impedance spectroscopy (EIS) and photocurrent of the samples were
tested on an electrochemical analyzer (CHI 660C, China) in a three-
electrode system under VSL illumination. The electron spin resonance
(ESR) signals were monitored on a X-band Elexsys system spectrometer
(Bruker, Germany). The concentration of total organic carbon (TOC)
was examined by an analyzer (Shimadzu TOC-VCPH, Japan). The Zeta
potential under different pH values was detected with Zeta-sizer
NanoZS (Malvern). Degradation intermediates were detected by liquid
chromatography-tandem mass spectrometry (LC-MS) equipped with a
G6460 triple quadrupole mass spectrometer and an Agilent 1290 series
HPLC (Agilent Technologies, USA).

2.4. Photoreaction apparatus and procedure

To evaluate the photocatalytic behaviors of the SCN-CN, the pho-
tocatalytic degradation of 10 mg L−1 TCH solution and 20 mg L−1 RHB
was conducted. In detail, 50 mg sample was added to 50 mL of TCH

solution, and 10 mg sample was added to 100 mL of RHB solution.
Before irradiation, the suspension was stirred for 30 min in a dark en-
vironment to achieve adsorption equilibrium. Then, photocatalytic ex-
periments were carried out under the visible-light irradiation (a 300 W
Xe lamp was used as the light source, λ>420 nm). The peripheral
device of the light source had an ultraviolet filter, which absorbed ul-
traviolet rays and allows only visible light to pass through. In order to
ensure that the incident light intensity was consistent, the distance
between the liquid surface of the reaction solution and the light source
was fixed at approximately 10 cm in all degradation experiments. And
the average visible light intensity was ca. 100 mW cm−2 measured by a
light meter (HS1010). The total energy consumption of a photocatalytic
degradation TCH experiment was about 8.38 KJ (the detailed calcula-
tion process was shown in the supporting information). During the TCH
irradiation, 1.0 mL suspension was withdrawn every 5 min and ana-
lyzed by UV–vis spectrophotometer at the absorption peak of 273 nm.
As for RHB, 1.0 mL suspension was withdrawn every 15 min and
analyzed by UV–vis spectrophotometer at the absorption peak of 554
nm.

2.5. Theoretical calculation method

The density functional theory (DFT) calculations of samples were
carried out with the Vienna ab-initio simulation package (VASP) (Zhu
et al., 2019). The geometry optimization calculations were constructed
based on Perdew − Burke − Ernzerhof (PBE) in the generalized gra-
dient approximation (GGA). Due to the well-known defects of the GGA-
PBE function, the electronic structure and band structure of the model
were simulated using HSE06 hybrid function. The cut-off energy was set
340 eV for the plane-wave expansion. The k-point mesh of 6 × 6×2
was used to the geometry optimization. A 10 Å vacuum space was in-
troduced to avoid the interference interaction between the neighboring
systems. The convergence tolerance parameters for the max step size
was 0.001 Å, the maximum force was 0.03 eV/Å, energy change was

Fig. 1. SEM images of CN (A), SCN precursor (B), SCN (C), and SCN-CN-2 (D); TEM images of SCN precursor (E), SCN (F) and SCN-CN-2 (G); HRTEM images of SCN-
CN-2 (I); HAADF-TEM image and EDS mapping images of SCN-CN-2 (I).
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1.0 × 10−5 eV/atom and maximum stress was 0.005 GPa.

3. Results and discussion

3.1. Structure and performance analysis of samples

3.1.1. Morphology, crystal and chemical states analysis
Generally, the morphology of the photocatalyst affects the photo-

catalytic performance. The SCN-CN-2 prepared by different synthetic
methods was shown in Fig. S1 and Fig. 1D-E. Compared with Fig. 1D-E,
several samples in Fig. S1 had disadvantages such as unstable skeleton
structure, easy collapse or breakage, and uneven size. This was mainly
because the presence of ethanol in the reaction solution increases the
solubility of melamine and trithiocyanuric acid, so that they had better
dispersibility and more contact opportunities, resulting in better self-
assembly in sufficient time. In addition, under solvothermal conditions,
ethanol could be intercalated between carbon nitride layers, which
facilitated the stripping of carbon nitride and thus promotes the for-
mation of hollow tubes (Xiao et al., 2019). At the same time, the SCN
precursor obtained under autoclave environment had a strong skeleton
structure and could maintain the tubular frame structure after com-
pounding by comparing Fig. S1B and Fig. 1D.

The synthesis process of SCN-CN-2 as shown in Scheme 1. In detail,
firstly, melamine and trithiocyanuric acid self-assembled through hy-
drogen bonding and π-π interaction to build supramolecular inter-
mediates, forming a regular one-dimensional structure. Secondly, a thin
layer of urea molecule was wrapped on the surface of the SCN precursor
by intermolecular forces. Thirdly, the hydrogen bonding interaction
between the molecules became weaker in the process of thermal
polymerization, leading to the weakening of the supramolecular inter-
mediate and the formation of a hollow structure (Xu et al., 2020). As
shown in Fig. 1A-I, the morphological structure of as-prepared samples
was characterized by SEM, TEM and HRTEM. The CN (Fig. 1A) ex-
hibited a typical multi-layered block structure, and the SCN precursor
(Fig. 1B and F) obtained by drying after self-assembly melamine and
trithiocyanuric acid was a solid hexahedral structure with 1 μm in
diameter. After SCN precursor calcination, the surface of the obtained
SCN became rough, and the hollow structure was partially present.
Hollow structure provided more channels for rapid transmission of
photo-generated electrons, which facilitated the separation of electrons
and holes (Tong et al., 2016; Xu et al., 2020). As for SCN-CN-2, the
intermolecular force changes due to the presence of urea on the surface
of the SCN precursor, and the surface was covered with a layer of CN by
observing Fig. 1F, G (TEM) and Fig. 1H (HRTEM), which confirmed the
SCN-CN-2 isotype heterojunction composite was successfully prepared.
In addition, the elemental composition and distribution of SCN-CN-2
composites were studied by element mapping spectrometry. The result
of element mapping showed the presence and uniform distribution of
the C, N and S elements in the SCN-CN-2 composite. It is worth noting
that the difference in the distribution of S elements can be observed
from the mapping diagram of S. The sporadic S element in CN may be
caused by the noise of the test, which can be proved by the S mapping
diagram in Fig S1M.

The X-ray diffraction (XRD) pattern of the prepared sample was
shown in Fig. 2A. Two main peaks were observed in the XRD pattern of
the three samples. The peak at 13.2° indexed to the (100) plane cor-
responded to the in-plane structure packing pattern of the three-hole-
triazine unit in the nitride pore. The other peak around 27.4° corre-
sponded to the interlaminar stacking of the CN aromatic unit, which
was indexed to the (002) plane (Deng et al., 2018a). Comparing the
intensities of the three peaks, the peak intensity of the SCN was lower,
which may be attributed to the fact that the S doping destroys the
crystalline region of the CN, resulting in a decrease in the degree of
crystallization. Moreover, the weak (100) plane peaks of SCN and SCN-
CN-2 indicated a decrease in intermolecular hydrogen bonding inter-
actions after thermal polymerization, and this was also the reason for

the formation of hollow structures (Xu et al., 2020).
The pore structure and specific surface area of CN, SCN and SCN-

CN-2 were studied by N2 adsorption-desorption, and the results were
shown in Fig. 2B. The N2 adsorption-desorption isotherms of the three
samples belonged to the typical type III isotherm, indicating that all
samples had mesoporous structure. At the same time, the pore size
distribution of the sample indicated that the pore size was mainly
concentrated at about 25 nm, indicating the sample was mainly me-
sopores.

The specific surface area of the sample (obtained according to the
BET method), the pore volume and the average pore diameter (obtained
according to the BJH adsorption method) were shown in Table 1. Ob-
viously, SCN-CN-2 has larger pore volume and specific surface area due
to the obvious hollow structure, and smaller pore size than that of CN
and SCN, which indicates SCN-CN-2 had a rich pore structure and a
high specific surface area for the existence of a rich hollow structure.
This was closely related to the loose structure of SCN-CN-2 in SEM.
Therefore, the SCN-CN-2 complex had more active sites and promotd
the adsorption of pollutants on its surface. The increase in adsorption
performance was generally considered to promote the contact between
the photocatalyst and the pollutants, which is conducive to the progress
of photocatalysis (Shao et al., 2019c).

Further investigation of the surface chemical state of the sample was
continued using XPS spectroscopy, and the results were shown in
Fig. 2C-F. The results in Fig. S2 indicate the presence of C, N and a small
amount of O in all samples. It was worth noting that the peak of S is
hardly visible, which indicates that the doping level of S in SCN-CN-2
was low, but the obvious S element could be found in the S mapping
spectrum. There were two peaks in the high resolution C 1s spectrum
(Fig. 2C), which were 287.9 eV assigned to NeCN] in the heterocyclic
ring and 284.8 eV to the CeC of the graphite species (Deng et al., 2017).
Similarly, there were four peaks, namely 404.2 eV (π excitation), 401.1
eV (CeNHe), 399.9 eV (N‒(C)3) and 398.5 eV (CeNC]) in the high-
resolution N 1s spectrum (Fig. 2D), respectively. In order to confirm the
chemical state of the S element in the sample, XPS was used to test the S
2p in the sample. The presence of a trace amount of S element could be
observed in the high-resolution S 2p spectrum (Fig. 2E), and the
binding energy of the corresponding peak is 163.9 eV, which indicated
that S in the sample exists as a SeC bond by substituting lattice N (Liu
et al., 2010). Besides, the valence band of the sample was tested by XPS.
According to Fig. 2F, it can be seen that the sample CN hada VB of 2.11
eV and the SCN had a VB of 1.93 eV, which indicated that the doping of
S changes the band gap structure of CN. The VB of carbon nitride
prepared after S doping was reduced, which was consistent with pre-
vious reports in the literature (Wang et al., 2018). Considering the
theoretical VB of CN is 1.54 eV, and the VB of SCN was 1.36 eV after
adjusted.

The previous XPS results show that S has replaced N atoms in CN
and has a low doping density. However, the lower doping ratio requires
the larger model structure, which increases the computational costs.
Hence, this study used a small theoretical model for approximate re-
placement as shown in Table 2. Moreover, the possible doping positions
are studied and the results were shown in Fig. S3. According to the
results of ultraviolet diffuse reflection and previous literature, the SCN
band energy value was applicable only when the doping position was
SCN_1. After simulation calculation, the optimized geometries of the
CN, SCN and SCN-CN-2 composites were shown in Fig. 3.

3.1.2. Optical characteristics and electronic structure analysis
In order to further study the physicochemical properties of as-pre-

pared samples, the photoelectric properties of the samples were ana-
lyzed by UV–vis DRS, electrochemical test and PL. From the UV–vis
DRS spectrum of Fig. 4A, it was apparent that all of the samples ex-
hibited significant absorption of ultraviolet light (λ<420 nm). The
SCN and SCN-CN-2 prepared by doping S had stronger absorption
ability for VSL (λ>420 nm) than the original CN, which was
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consistent with the results simulated using theoretical calculations
(Fig. 4B). Generally, strong absorption ability ws beneficial to enhance
the photogenerated electron efficiency and improve the photocatalytic
degradation efficiency. Consequently, the SCN-CN-2 isotype hetero-
junction had a high photo-generated carrier capacity and fast photo-
catalytic efficiency under VSL. The Eg of the sample was calculated
according to the Eq. (1) (Shao et al., 2018), and the Eg of CN SCN and
SCN-CN-2 were 2.72 eV, 2.66 eV and 2.92 eV (Fig. 4C), respectively,
which was consistent with the literature report (Wang et al., 2018).

= −α v v Eh A(h )g
n

2 (1)

Where α, h, ν and A represent the absorption coefficient, Planck con-
stant, optical frequency and constant, respectively. The value of n de-
pends on the type of semiconductor, and n is equal to 4 for CN.

In order to further analyze the band structure, the band structures of
samples were calculated by the HSE06 functional and were shown in

Fig. 4D-F. From them, we concluded that the Eg of CN, SCN and SCN-
CN-2 were 2.70 eV, 2.82 eV and 2.92 eV, respectively, which is con-
sistent with the results reported in previous literature and shows the
rationality of our theoretical calculation model (Liu et al., 2010). The Eg
of samples obtained by theoretical calculation were very close to the
experimental values except for SCN. This might be caused by the dif-
ference in structure of the SCN. The theoretically calculated value was
the single-layer SCN, and the experimental value corresponded to the
tubular SCN. The results of the theoretical settlement also demonstrated
that the band gap structure of the composite material was affected and
improved, which was consistent with the UV–vis spectrum and XPS
spectra. Additionally, the valence band and conduction band position of
the sample could also be obtained from the band structure diagram. The
valence band top (VBT) and the conduction band bottom (CBB) of CN
and SCN were both located at points G and F, respectively, which in-
dicated that CN and SCN were both indirect bandgap semiconductor
(Shao et al., 2019c).

To further study the interface of the SCN-CN-2 isotype heterojunc-
tion, the partial density of states (PDOS) of samples calculated and
analyzed, and Fig. 5 showed the total density of states (TDOS) and
PDOS of samples. It is well known that the denser of curve in the band
diagram, the higher peak in the corresponding DOS diagram and the
more electrons, which means that the generation of carriers is fa-
cilitated in the photocatalytic process. Obviously, the energy band
structure of SCN-CN-2 composites was tighter than that of others, which
might be due to the formation of isotype heterojunctions. As a result,
SCN-CN-2 had better photocatalytic properties than that of others.

Furthermore, we revealed the orbital state of the electrons in the
sample through TDOS and PDOS, and the results were shown in Fig. 5.
In the CN (Fig. 5A), VBT was mainly contributed by C 2s, 2p and N 2s,
2p orbital hybridization, while CBB was mainly derived from C 2p and
N 2p orbital hybridization. As for SCN (Fig. 5B), VBT was mainly
contributed by C 2s, 2p, N 2s, 2p and S 3s, 3p orbitals, while CBB was
mainly composed of C 2p, N 2p and S 3p. Because the S 3p orbital
energy was higher than the orbital energy of C 2p, it would cause the

Fig. 2. XRD patterns of as-prepared samples (A); N2 adsorption and desorption isotherms and pore size distributions of as-prepared samples (B); XPS spectra of as-
prepared samples: C 1s spectrum (C), N 1s spectrum (D), S 2p spectrum (E), and valence band (F).

Table 1
The pore structure parameters of CN, SCN, and SCN-CN-2.

Sample BET surface area (m2/
g)

Pore volume (cm3/
g)

Average pore size
(nm)

CN 23.33 0.25 31.86
SCN 35.24 0.28 32.66
SCN-CN-2 73.45 0.34 18.30

Table 2
Lattice parameters of the samples.

Samples Lattice types Lengths (Å) Angles (°)

a b c α β γ

CN 3D triclinic 7.13 7.13 14.08 90 90 120
SCN 3D triclinic 7.13 7.13 14.08 90 90 120
SCN-CN-2 3D triclinic 7.13 7.13 14.08 90 90 120
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VBT of SCN to upshift, which was consistent with the XPS valence band
(Ma et al., 2018). As for the SCN-CN-2 complex (Fig. 5C), VBT was
occupied by C 2s, 2p, N 2s, 2p and S 3s, 3p orbitals, while CBB was
mainly composed of C and N atoms. Thence, combination the results of
band structures and DOS results, we could infer that the Eg of SCN-CN-2
increased on account of the orbital hybridization between the CN and
SCN. It was worth noting that the DOS at the Fermi level of SCN-CN-2
composites was significantly higher than that of SCN and CN, which
indicated that SCN-CN-2 has high carrier mobility (Li et al., 2019; Kou
et al., 2019).

3.1.3. Photoelectrochemical performance analysis
Photoelectrochemical performance is considered to be valid evi-

dence for evaluating photocurrent response and photogenerated elec-
tron separation of photocatalysts. As shown in Fig. 6A, the SCN-CN-2
composite exhibited higher transient photocurrent intensity under VSL
illumination than that of CN and SCN, indicating that the SCN-CN-2
composite had better photogenerated e−-h+ pairs separation effi-
ciency. This was most likely attribute the presence of defects, ordered

tubulars, and isotype heterojunction structures formed between CN and
SCN. In addition, electrochemical impedance EIS is an important in-
dicator to measure carrier mobility. As shown in Fig. 6B, the SCN-CN-2
composite had smaller arc than that of CN and SCN, indicating that the
SCN-CN-2 composite had the lower carrier migration resistance. In
short, the above characterization results indicated that the structure of
the tubular SCN-CN-2 isotype heterojunction has high separation and
transfer efficiency of photogenerated carriers, thereby improving its
photocatalytic performance (Yuan et al., 2019).

In order to further investigate the separation and transfer efficiency
of photogenerated carriers, the PL was analyzed. As shown in Fig. 6C,
all samples illustrated significant emission peaks near 475 nm owing
recombination of the e−-h+ pairs. Importantly, the SCN-CN-2 compo-
site had the lower PL emission intensity compared with other samples,
indicating that the SCN-CN-2 composite had the higher photo-gener-
ated e−-h+ pairs separation efficiency and excellent photocatalytic
performance. The synergy in lattice defects, the ordered tubular struc-
ture and the isotype heterojunction interface played a crucial role in
promoting the separation of photogenerated carriers and prolonging

Fig. 3. The optimized geometric structures of CN, SCN and SCN-CN-2, and the brown, gray and yellow represent C, N and S atoms, respectively.

Fig. 4. UV–vis DRS spectrum of as-prepared samples (A); The absorption spectra of CN, SCN and SCN-CN-2 obtained by theoretical calculations (B); The band gap
energies of CN, SCN and SCN-CN-2 (C); The band structures of CN, SCN and SCN-CN-2 (D).
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Fig. 5. The TDOS and PDOS of CN (A), SCN (B) and SCN-CN-2 (C).

Fig. 6. The photocurrent (A), EIS (B), and PL (C) of as-prepared samples.
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the lifetime of carriers (Tong et al., 2016; Wu et al., 2018).

3.2. Photocatalytic properties

3.2.1. Photodegradation of TCH and RHB
The photocatalytic properties of the as-prepared photocatalysts

were assessed through photo-degradation of TCH under VSL irradia-
tion. The as-prepared photocatalysts exhibited a low adsorption capa-
city for TCH (Fig. 7A). The SCN-CN isotype heterojunction had a sig-
nificantly higher photocatalytic activity than that of CN and SCN, and
they were in the order of SCN-CN-2> SCN-CN-3> SCN-CN-
1> SCN1> SCN1.5> SCN0.5> CN. Compared with the original CN,
the photocatalytic efficiency of SCN obtained by S-doping was ob-
viously improved, which might be credited to the doping of S im-
proving the band gap structure, enhancing the absorption of VSL and
forming a regular tubular structure according to the previous conclu-
sion. It was worth emphasizing that the photocatalyst SCN-CN-2 pre-
pared after two-step modification had a rapid degradation efficiency for
TCH (82.6 % within 30 min), which was significantly faster than that of
CN (44.0 %) and SCN (75.5 %). The increase in photocatalytic effi-
ciency of these composites might be as a result of the presence of iso-
type heterojunctions between SCN and CN, which facilitated the
transmission of electrons and the separation of e−-h+. In short, the
synergy between the components improved VSL absorption, accelerated
the separation of e−-h+, and optimized surface and structure, which
could be confirmed by UV–vis spectrum, PL and N2 adsorption-deso-
rption isotherms, respectively. In addition, in order to deepen the

understanding of the TCH degradation behavior of the sample, the
experimental results were fitted by the pseudo-first-order kinetic model
and pseudo-second-order kinetic model, and the results were shown in
Fig. S5A. Compared with the result obtained by fitting the pseudo-first-
order kinetic model, the degradation process of TCH by SCN-CN-2 was
more consistent with the pseudo-second-order kinetic model. In order
to test the universal applicability of the catalyst, we also studied its
photocatalytic degradation of the common organic dye RHB. The re-
sults were shown in Fig. S4A. SCN-CN-2 (96.2 % within 60 min) showed
a significantly improved ability to degrade RHB under visible light
compared to CN (4.8 %) and SCN1 (53.2 %). Next, a systematic de-
gradation study of currently popular antibiotic contaminant TCH was
performed in this paper. In addition, we detected the production of
trace amounts of H2O2 measured by iodometry in the process of SCN-
CN degradation of TCH (Fig. S4B), which was conducive to the pro-
duction of ·OH and improve photocatalytic performance (Yang et al.,
2019a).

3.2.2. Effects of initial antibiotic concentrations
In actual wastewater, the initial concentration of contaminants is

variable. Therefore, it is important to study the photocatalytic de-
gradation properties of photocatalysts at different contaminant con-
centrations. The degradation performance of SCN-CN-2 against TCH at
different initial concentrations (5−30 mg L−1) was shown in Fig. 7B.
As the concentration of pollutants decreases, the degradation efficiency
of TCH by SCN-CN-2 increased. With the increase of initial TCH con-
centration, the photocatalytic efficiencies of SCN-CN-2 to TCH were

Fig. 7. The photocatalytic activities of as-prepared samples for TCH degradation under visible light (λ>420 nm) (A); The Effect of initial concentration (B),
supporting electrolytes (C), and solution pH (D) for TCH degradation by SCN-CN-2 under visible light.

Q. Liang, et al. Journal of Hazardous Materials 401 (2021) 123355

8



84.95 %, 82.40 %, 77.24 %, and 69.55 %, respectively. The results of
photocatalytic degradation of different contaminant concentrations
indicated that the high initial contaminant concentrations are detri-
mental to photocatalytic removal of contaminants. This is because the
increase in the concentration of pollutants leads to a decrease in the
photon transmission path and light transmittance, and further reduces
the phenomenon of photons migrating to the active part of the photo-
catalyst. In addition, intermediates produced during photocatalytic
degradation compete with TCH molecules for limited reaction sites
(Deng et al., 2018b). Although the initial concentration of high con-
taminants would inhibit the photocatalytic rate of SCN-CN-2 composite
to a certain extent, SCN-CN-2 had the higher removal rate of antibiotics
at low concentrations (5 mg L-1). Considering the concentration of
pollutants in actual wastewater was low, SCN-CN-2 was conducive to
application in practical wastewater.

3.2.3. Effect of supporting electrolytes
In the actual water environment, some anions, such as chlorine,

sulfate and bicarbonate ions, often coexist in the water environment.
Therefore, the influences of NaCl, Na2SO4 and Na2CO3 (0.05 M) were
studied for the photocatalytic degradation of TCH by SCN-CN-2. As
shown in Fig. 7C, the addition of Cl− and the addition SO4

2- had almost
no effect on photocatalytic degradation. However, the addition of CO3

2-

can significantly improve the adsorption of TCH by SCN-CN-2 and the
photocatalytic degradation efficiency. This was due to the hydrolysis of
CO3

2- to form HCO3
− and OH−, which led to the formation of alkaline

solutions (pH∼11). Combined with the effect of pH on TCH in Fig. 7D,
SCN-CN-2 adsorption TCH was facilitated under alkaline conditions.
Therefore, the addition of CO3

2- significantly increased the removal
efficiency of photocatalytic degradation of TCH.

3.2.4. Effects of reaction pH
The reaction pH is another important factor affecting photocatalytic

degradation in actual wastewater and the generation of ROSs. In this
study, gradients of pH (2.04, 3.89, 6.85, 9.05, 11.09) were adjusted by
NaOH (0.1 M) or HNO3 (0.1 M). The Zeta potentials of SCN-CN-2
changed from positive to negative as pH increases (Table 3). The results
showed that the negative charge of CN, SCN and SCN-CN-2 gradually
decreases, which was consistent with the results reported in the lit-
erature (Liu et al., 2018d). This might be due to the change in electronic
properties of carbon nitride due to S doping. The presence of a lone pair
of electrons N delocalizes the remaining lone electrons into the p-con-
jugated triazine ring, which results in an electron-rich state, so it has
the most negative charges (Zhang et al., 2019b). After S replaces N, the
lone pair of electrons in the system decreased, resulting in a decrease in
the negative charge value. At the same time, the hydrophobicity and
static electricity of the material could be clearly observed during the
experiment, which might be related to the reduction of oxygen-con-
taining functional groups in the material. The reduction of oxygen-
containing groups means that the negative value of the ZETA potential
of the material decreases (He et al., 2018).

As shown in Fig. 7D, SCN-CN-2 had no significant effect on the
degradation of TCH under acidic conditions. Nevertheless, the adsorp-
tion amount and photocatalytic degradation efficiency of SCN-CN-2 on
TCH increased significantly under alkaline conditions, which was due
to the increased electrostatic interaction between SCN-CN-2 and TCH
(Deng et al., 2018c). The increase in the amount of adsorption led to

easier contact between antibiotics and the surface of the photocatalyst,
which was beneficial to improve photocatalytic degradation efficiency.
Meanwhile, according to the degradation pathway of TCH in Fig. 11,
the degradation process of TCH might be affected under alkaline con-
ditions, such as promoting the demethylation of TCH (Zhang et al.,
2014). Therefore, SCN-CN-2 showed a rapid photocatalytic degradation
to TCH of 78 % in 5 min under alkaline environment. In short, the SCN-
CN-2 photocatalyst exhibited good stability for photocatalytic de-
gradation of TCH in a wide pH range, which was conducive to resisting
complex environments in practical applications. It was worth empha-
sizing that SCN-CN-2 showed rapid photocatalytic degradation effi-
ciency at the initial stage under alkaline conditions.

3.2.5. Mineralization capacity and photostability tests
The mineralization capacity and reusability are two very important

indicators in the practical application of photocatalyst. The miner-
alization ability of the antibiotics by the CN, SCN and SCN-CN-2 com-
plexes was tested by TOC. The TOC in the original TCH solution was set
to 100 %, and the results of TOCt measured at different times were
shown in Fig. 8A. The SCN-CN-2 composite exhibited good miner-
alization ability, and the mineralization efficiency of TCH is 79 % under
3 h’ illumination. Compared with SCN-CN-2, the mineralization effi-
ciency of CN and SCN samples for TCH was only 31 % and 58 %, re-
spectively.

The SCN-CN-2 composite was tested for reusability under VSL illu-
mination. After each degradation cycle, the photocatalyst was re-
generated by filtration, ethanol washing and drying, and then used in
the next cycle. As shown in Fig. 8B, the photodegradation efficiency of
SCN-CN-2 for TCH only reduced by 2.51 % after five cycles, which may
be due to the close isotype heterojunction between the composite cat-
alysts by bonding or π-π interaction. At the same time, there is almost
no change in the XRD pattern before and after the use of SCN-CN-2
(Fig. 8C), which indicates that the photocatalyst has a relatively stable
structure. All in all, the above results indicate that the SCN-CN-2 iso-
type heterojunction composite has good mineralization ability and
reusability, resulting in great application potential in practical appli-
cations.

3.3. Photocatalytic mechanism

3.3.1. Active substances during degradation
In order to reveal the photocatalytic degradation mechanism of

SCN-CN-2 composites on TCH, the main active substances (·O2
−, ·OH,

h+) in the photocatalysis process were studied firstly. Three common
scavengers (1 mmol), 4-hydroxy-TEMPO (HTEMPO, ·O2

− scavenger),
isopropanol (IPA, ·OH scavenger) and disodium edetate (EDTA-2Na, h+

scavenger) were used, and the results were shown in Fig. 9A. In the
presence of any scavenger, it would affect the degradation efficiency of
TCH, indicating the photocatalytic degradation process was related to
all three active substances. Compared with other scavengers, the pho-
todegradation efficiency of TCH decreased most in the presence of
scavenger EDTA-2Na, indicating h+ play a major role in the photo-
catalytic process. Similarly, the addition of HTEMPO also had a large
negative impact on the degradation of TCH, indicating that ·O2

− also
played an important role in the degradation of TCH. In short, the pro-
cess of degrading TCH at SCN-CN-2 by the above results was that h+,
·O2

− and ·OH are jointly controlled in the photocatalytic process, in
which h+ and ·O2

− played a leading role.
Furthermore, the presence of the active material in the photo-

catalytic process by ESR characterization continues to be verified, and
the results were shown in Fig. 9B and C. DMPO-·O2

− and DMPO-·OH
had no peaks in the dark conditions. However, both DMPO-·O2

− and
DMPO-·OH were able to observe significant characteristic peaks after
VSL irradiation, and the intensity of the peaks increased with the in-
crease of the illumination time. Therefore, it was confirmed the pre-
sence of the active substances ·O2

− and ·OH in the SCN-CN-2 composite

Table 3
The Zeta potentials of samples prepared in different pH solution.

pH 2.04 3.89 6.85 9.05 11.09

Zeta potential SCN-CN-2 24.6 15.5 −11.4 −28.8 −55.0
SCN 23.1 15.1 −13.6 −47.5 −55.9
CN 18.9 9.72 −24.8 −49.8 −52.4
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photocatalytic system. Through free radical quenching experiments and
ESR characterization, it was proved that h+, ·O2

− and ·OH played a
synergistic role during the photocatalytic degradation of TCH by SCN-
CN-2 composites.

3.3.2. Charge transfer
In order to study the charge transfer at the interface of SCN-CN-2

composite, the work function of the sample was simulated by GGA-PBE
function. The work function was calculated by calculation combined
with the following Eq. (2) (Wang et al., 2019a):

= −Φ E Evacuum F (2)

Among them, Evacuum and EF represent the energy of the electro-
static potential in vacuum and the Fermi level in the vacuum near the
surface, respectively, where that of vacuum is set as 0.

As shown in Fig. 10A, the work functions of CN, SCN and SCN-CN-2
were 4.82, 3.67 and 4.22 eV, respectively. The low work function in-
dicated that the photocatalyst is prone to photogenerated electrons,
resulting in S-doped SCN had higher photocatalytic activity than CN
(Miao et al., 2018). Meanwhile, because the Fermi energy of SCN was
higher than that of CN, causing electrons transfer from the SCN to the
CN when they were in contact until the Fermi level tends to be uniform
(Sun et al., 2014). It was worth emphasizing that understanding the
work function and the magnitude relationship of the Fermi level was
critical to the electron transport mechanism of the composite photo-
catalyst, which is unfortunately often ignored.

In addition, the band gap structure of the semiconductor is im-
portant for determining the direction of electron transfer in the com-
posite photocatalyst and revealing the photocatalytic mechanism. The
valence band, conduction band and Eg of CN and SCN obtained by XPS
and the UV–vis DRS spectrum. The mechanism of charge separation at
the interface in the SCN-CN-2 isotype heterojunction structure under
VSL illumination was proposed in Fig. 10B. For CN, Eg was 2.72 eV, EVB

was 1.54 eV, and ECB was -1.18 eV. Similarly, as for SCN, the Eg, EVB,
and ECB are 2.66, 1.36, and -1.30 eV, respectively. Because the work
function and Fermi level in Fig. 10A show that SCN had a lower work
function and a higher Fermi level than that of CN, causing internal
electrons to move from the SCN to the CN until the Fermi level was
equal when they were contact (Chen et al., 2018). Accompanying the
energy band bending during the balancing process, the energy band of
the CN would move downward, and the energy band of the SCN moves
upward, which was consistent with the calculation of the charge dif-
ferential density. Therefore, photo-generated electrons in the CB of the
CN rapidly migrated at the CB of the SCN due to a good match of band
structure overlap and tight interfacial interactions. The specific trans-
mission process was as follows: both CN and SCN can generate electrons
and holes in CB and VB under VSL irradiation, respectively. The elec-
trons at the CB in the CN migrate to the CB of the SCN, conversely, the
holes in the VB of the SCN are transferred to the VB of the CN. In this
way, photogenerated electrons and holes could be effectively separated.
In addition, the one-dimensional structure could also control the charge
carriers to transport in the longitudinal direction, resulting in the ef-
fective separation of electrons and holes, thereby promoting photo-
catalysis.

To verify the direction of electron transfer of SCN-CN-2 interface,
the charge difference density of SCN-CN-2 was calculated, and the re-
sults were shown in Fig. 10C. The green area indicated a decrease in
charge and the red area indicates charge accumulation. Comparing the
charge distribution map and the charge cut-off diagram of SCN-CN-2,
charge redistribution occurred primarily in the SCN-CN-2 interface re-
gion. A region with significant electron increase was observed from
Fig. 10C, mainly due to structural deformation caused by π-π interac-
tion between CN and SCN. In order to analyze the charge transfer at the
interface intuitively, we performed a 2D slice of the charge difference
density. It could be seen that the electrons at the CN decrease, while the

Fig. 8. The TOC removal of TCH by CN, SCN and SCN-CN-2 composite under VSL illumination for 3 h (A); The cyclic experiments of SCN-CN-2 composite for the
degradation of TCH (B); The XRD pattern of the SCN-CN-2 composite before and after 5 cycle photocatalytic experiments (C).

Fig. 9. The trapping experiment of radical species during the photocatalytic degradation of TCH by SCN-CN-2 composite under visible light illumination (A); The ESR
spectra of radical adducts trapped by DMPO- ·O2

− (B) and ·OH (C) in SCN-CN-2 dispersion in the dark and under visible light illumination.
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electrons at the SCN increased. That was, the electron-rich region ap-
peared on the surface of the SCN, and a hole-rich region appeared on
the surface of the CN, which caused the formation of an internal electric
field. This electron transport process played a key role in the con-
struction of the electric field inside the heterojunction system. The in-
ternal electric field could significantly enhance the ability of photo-
electrons to transfer from the CN to the SCN and inhibit the
recombination of the e−-h+ pair. Therefore, the calculation of the
differential charge shows that the electrons were transferred from CN to
SCN, which was consistent with the derivation.

According to the relationship between the conduction band and
valence band of each semiconductor in SCN-CN-2, we could draw the
following conclusions. The conduction band edge potential of CN and
SCN was larger than the potential of O2/·O2

− (-0.33 eV), resulting in

the electrons on CB of CN could participate in the reduction process of
O2 to ·O2

−. However, because the valence edge potentials of CN and
SCN were more negative than the potentials of OH−/·OH (2.40 eV) and
H2O/·OH (2.72 eV), it was not possible to directly generate ·OH. The
holes and ·O2

− might be directly involved in the oxidation reaction of
TCH, which was consistent with the experimental results of the sca-
vengers (Tong et al., 2016). On the one hand, according to the band-gap
structure relationship, electrons and holes could be efficiently trans-
ferred and molecules were at the SCN-CN-2 interface. On the other
hand, it was worth noting that the ordered tubular structure of SCN-CN-
2 played an important role in separation of electrons and holes and
improve photocatalytic performance (Yang et al., 2019b). Therefore,
due to the presence of the tubular structure, electrons and holes could
be transferred in the opposite longitudinal direction, which facilitated

Fig. 10. The work function of CN, SCN and SCN-CN-2, and the pink and blue lines represent the Fermi level and the vacuum level, respectively (A); The proposed
mechanism of band structure and charge separation at the interface in the SCN-CN-2 isotype heterojunction structure under visible light illumination, and the
relationship between NHE and AVS is ENHE =−EAVS – 4.5 (Zhu et al., 2018) (B); The charge difference density of SCN-CN-2, red and green refer to electron-rich and
electron-deficient areas, respectively (C).

Q. Liang, et al. Journal of Hazardous Materials 401 (2021) 123355

11



efficient separation of electrons and holes. In addition, the adsorption-
desorption results of N2 indicate that SCN-CN-2 had a high specific
surface area and a rich porosity, which resulted in the photocatalyst
having many active sites for adsorbing contaminants, thereby con-
tributing to the improvement of photocatalytic performance. In sum-
mary, due to the synergy between the SCN-CN-2 isotype heterojunction
and the tubular structure, SCN-CN-2 had high photocatalytic properties.
The main possible reactions of photocatalytic degradation of TCH by
SCN-CN-2 photocatalytic system were as follows:

+ →
− +SCN-CN-2 VSL SCN-CN-2(e /h ) (3)

+ → ⋅
− −e O O2 2 (4)

+ → ⋅
− +·O H OOH2 (5)

+ + →
+ −·OOH H e H O2 2 (6)

+ → ⋅ +
− −H O e OH OH2 2 (7)

+ ⋅ + ⋅ + →
+ −h O OH TCH Degradation products2 (8)

3.4. Degradation path analysis

In order to study the path of SCN-CN-2 photocatalytic degradation
of TCH, some major degradation products in the photodegradation
process were detected by LC–MS, and the LC–MS spectra of the TCH
intermediates eluted at different reaction time are shown in Fig. S6.
There are 11 intermediates, named P1 ∼ P11. The same or similar
intermediates have been reported, and the possible information of the
intermediates are shown in Table S1. Next, based on the structure of
these intermediates, three possible degradation pathways were pro-
posed as shown in Fig. 11.

For pathway A, it mainly includeed dealkylation, deamination and
dehydration processes. The N-demethylation process produced a TCH
intermediate P1 (m/z 431) due to the low CeN bond energy (Cao et al.,
2018a). Then, P1 formed an intermediate P2 (m/z 384) by losing the N-
methyl group, the methyl group and the two hydroxyl groups. Next, P2
formed the intermediate product P3 (m/z 339) by deamination. Sub-
sequently, P3 continued to decompose with the with the reaction pro-
ceeds. For pathway B, it mainly included the addition reaction of
carbon-carbon double bond and dehydration reaction (Mboula et al.,
2012). The carbon-carbon double bond in aromatic ring of TCH was
attacked by ·OH to form an intermediate P4 (m/z 461) firstly. Next, ·OH
was continuously attacked P4 to obtain the intermediate product P5 (m/
z 477). Then, a dehydration reaction occurred in P5 to obtain P6 (m/z

459). Similarly, P6 continued to be photocatalyzed by degradation with
the reaction proceeds. For pathway C, it mainly included dealkylation
and dehydration processes (Cao et al., 2018b). The TCH was subjected
to a dehydration reaction to form P7 (m/z 427) firstly, and then an N-
methyl group removal reaction occurred due to a low energy of the
CeN bond to form P8 (m/z 400). Then, the acylamino group in P8 was
attacked by the living radical to form the P9 (m/z 362). At the same
time, due to the presence of strong oxidizing ·OH and ·O2

−, the car-
bocyclic ring in P8 could be directly cleaved to form P10 (m/z 318).
Next, P10 could be further oxidized to the intermediate P11 (m/z 274).
Similarly, as the photocatalytic reaction proceeds, P11 continued to be
degraded into small molecules.

4. Conclusions

In this paper, we had successfully synthesized tubular SCN-CN-2
isotype heterojunction by molecular self-assembly and thermal poly-
merization methods. The SCN-CN-2 isotype heterojunction had good
morphology, strong VSL absorption capacity, high specific surface area
and porosity, fast electron transport rate and good separation efficiency
of photogenerated electrons and holes by several characterization
techniques. Meanwhile, the tubular structure enabled efficient separa-
tion of electron-hole pairs in the longitudinal direction. Therefore, SCN-
CN-2 composite exhibited a rapid degradation for TCH (82.6 % within
30 min) and RHB (96.2 % within 60 min), which was significantly
faster than that of CN and SCN. Furthermore, the energy band structure,
density of state, optical properties, work function, charge differential
density and degradation path of photocatalyst were studied by DFT
theoretical calculation. Moreover, the SCN-CN-2 was effective to handle
complex wastewater, including different contaminant concentrations,
pH and supporting electrolytes, and the photodegradation efficiency of
SCN-CN-2 on TCH was significantly improved under alkaline environ-
ment. According to the results of LC-MS, the possible degradation paths
of TCH were proposed. Mechanism analysis demonstrated that the ac-
tive substances h+ and ·O2

− played a leading role in the photo-
degradation system. This research may provide new insights for the
construction of new and efficient photocatalysts and promote their
practical application in environmental remediation. Besides, this re-
search also provides a combination of theory and calculation methods
to reveal the properties of photocatalysts and degradation mechanisms.
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