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etal-free PTET-T-COOH/g-C3N4

heterostructure for enhancing photocatalytic
activity

Linlin Liu,abc Xingyue Song,d Xiangxin Kong,bc Qian Duan *a and Enwei Zhu*bc

In this research work, we successfully fabricated a range of PTET-T-COOH/g-C3N4 heterostructures via

a simple method. The as-prepared PTET-T-COOH/g-C3N4 heterostructures show enhanced

photocatalytic degradation activity as compared to pure g-C3N4. For the photocatalytic degradation of

RhB, the optimal PTET-T-COOH/g-C3N4-1% heterostructure is nearly 3.83 times that of the pure g-

C3N4. The enhancement of photocatalytic performance is ascribed to three aspects: one is the strong

interaction between PTET-T-COOH and g-C3N4; the second is the larger surface area of the PTET-T-

COOH/g-C3N4 heterostructure compared to that of pure g-C3N4; the third is the effectively improved

transferability of photogenerated carriers. In addition, the whole photocatalytic reaction mechanism over

the PTET-T-COOH/g-C3N4 heterostructure is provided. This work may offer a hopeful method to

synthesize any other heterostructure with high stability and superior photocatalytic activity.
1. Introduction

In recent years, with the rapid growth of the population and
continuous economic development, peoples' living standards
continue to improve, and daily life and production activities
continue to expand. However, when waste discharged into the
environment exceeds the purication capacity of the environ-
ment itself, water pollution will be increasingly intensied.1–8

Recently, the world is responding to the policy of sustainable
and environmental protection; the treatment of environmental
pollution, especially water pollution, is an urgent problem to be
solved.9–15 So far, there are many methods including physical
adsorption, chemical and biology treatment which research
personnel are focusing on and planning to apply them into the
practical application. Nevertheless, these approaches cannot
completely satisfy the demands such as failing to completely
remove the organic pollutants as well as putting them into
practical application.16–20 Therefore, it is necessary to develop
a promising technology which can both completely remove the
organic pollutants and put the technology into practical
application.
g, Changchun University of Science and

a. E-mail: duanqian88@hotmail.com

hysics and Chemistry of the Ministry of

un 130103, P. R. China

ion of Environmental Friendly Materials,

on, Changchun 130103, P. R. China

ineering, Jilin Normal University, Siping
Semiconductor photocatalysis, as a promising research
method of dealing with water pollution, has the advantages of
economic, efficient, mild reaction conditions and no secondary
pollution, etc21–23. Whereas, the high efficiency of photocatalysis
depends on a good photocatalyst semiconductor formation. For
example, TiO2, as a star semiconductor, is widely applied into
the photocatalytic research eld. Yet, the practical application
of TiO2 is limited because of its wide band gap which can hardly
absorb the visible light, thus prohibiting the photocatalytic
activity.24–26 Hence, searching for a good photocatalyst with
superior activity and high stability is important for the photo-
catalytic practical application.

Graphite like carbon nitride (g-C3N4) can produce strong
photocatalytic oxidation or reduction activity under visible light
irradiation.27 Meanwhile, as metal-free semiconductor, g-C3N4

has the merits of high chemical and thermal stability, wide
source of raw materials and low cost, etc28. However, due to its
band gap energy (2.7 eV), the utilization of solar energy is little
and the practical application is also restricted as a result of its
low photogenerated electron–hole transferability.29 To over-
come these drawbacks, a lot of researchers have paid much
attention to improve the photocatalytic performance. Coupling
with other semiconductors forming the heterostructure is
a common mean to deal with these drawbacks, such as WO3/g-
C3N4 (ref. 30) Bi12GeO20/g-C3N4 (ref. 31) MoS2/g-C3N4 (ref. 32) g-
C3N4/Ag2CrO4 (ref. 33) and Ag3PO4/g-C3N4 (ref. 34) etc. These
formed heterostructures can greatly improve the separation and
transfer of photogenerated carriers, thus enhancing the pho-
tocatalytic performance. However, these formed hetero-
structures still have some shortcomings which cannot
completely meet the practical demands.
This journal is © The Royal Society of Chemistry 2020
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Conjugated polymer poly[(thiophene-ethylene-thiophene)-
thiophene-3-carboxylic acid] (PTET-T-COOH) whose band gap
energy is 1.8 eV is regarded as a promising semiconductor
which can absorb visible light and have good electron transfer
ability. Compared with any other polymers, PTET-T-COOH is
easy to be synthesized and has better chemical stability.

Herein, in this research work, we successfully constructed
different mass ratios of PTET-T-COOH/g-C3N4 heterostructures.
Meanwhile, the as-prepared PTET-T-COOH/g-C3N4 hetero-
structures were tested by the photocatalytic degradation of RhB.
The as-prepared PTET-T-COOH/g-C3N4 heterostructure can not
only hampered signicantly recombination of electron–hole pairs
but also provide the larger surface area which offersmore radicals
active sites and reaction sites compared to the pure g-C3N4. On the
side, the improved charge separation and transfer as well as the
surface area are evaluated by the photocurrent tests, PL test,
electrochemical tests and BET test, respectively. Furthermore, the
proper mechanism of PTET-T-COOH/g-C3N4 heterostructure for
the photocatalytic ability of RhB is discussed as follows.

2. Experimental
2.1 Synthesis of conjugated polymer poly[(thiophene-
ethylene-thiophene)-thiophene-3-carboxylic acid] (PTET-T-
COOH)

The PTET-T-COOH conjugated polymer was synthesized via
mixture of 934 mg (E)-1,2-bis(5-(trimethylstannyl)thiophen-2-yl)
ethane and 1.1 mg 2,5-dibromothiophene-3-carboxylic acid
powder were put into a Schlenk tube, which was purged with
nitrogen for 30 min to remove O2. The mixture was dissolved in
anhydrous anaerobic toluene (200 mL) and stirred at 110 �C for
three days with Pd(PPh3)4 (60 mg). The mixture was precipitated
from a methanol solution. The polymer was puried with
hexane and methanol for 24 h in Soxhlet extraction.

2.2 Preparation of PTET-T-COOH/g-C3N4-x% photocatalysts

The PTET-T-COOH/g-C3N4-x% heterojunctions were synthe-
sized as follows: 300 mg g-C3N4 and a certain content conju-
gated polymer PTET-T-COOH were facile stirring in anhydrous
THF solution at room temperature for 120min, away from light.
Aer mix thoroughly, the product was concentrated by rotary
evaporation and dried under vacuum oven for three days. The
heterojunctions with different polymer from 0.5 wt% to 15 wt%
were prepared similarly by this method. In addition, the PTET-
T-COOH/g-C3N4 containing 0.5, 0.7, 1, 5, 15 wt% PTET-T-COOH
were marked as PTET-T-COOH/g-C3N4-0.5%, PTET-T-COOH/g-
C3N4-0.7%, PTET-T-COOH/g-C3N4-1%, PTET-T-COOH/g-C3N4-
5%, PTET-T-COOH/g-C3N4-15%, respectively. In addition, pure
g-C3N4 is prepared according to the previous research works.35

2.3 Characterization of the as-prepared photocatalyst

The basic phase structure was recorded on Fourier transform
infrared spectra (FT-IR, Nicolet Is50) using KBr pellet tech-
nique. X-ray powder diffraction (XRD) were analyzed in the
range of 10–80� (2-theta) with Cu-Ka radiation of wavelength l¼
1.5406�A at 40 kV and 200 mA. X-ray photoelectron spectra (XPS)
This journal is © The Royal Society of Chemistry 2020
were obtained by a Thermo Scientic RIGAKUZSX PrimusII
system. The scanning electronic microscopy (SEM) and trans-
mission electron microscopy (TEM) of as-prepared samples
were characterized on a JEOL 7800F emission scanning electron
microscope and a FEI Tenai G2 F20 transmission electron
microscopy. UV-vis diffuse reection spectra (DRS) with BaSO4

as the background were performed with a PerkinElmer Lambda
900 spectrometer. The Brunauer–Emmett–Teller (BET) specic
surface areas of samples were obtained by a Nova l000 analyzer.
PL (steady-state and time-resolved) spectra were evaluated using
a continuous 450 W Xe lamp/Xe ash tube-equipped spectro-
uorometer (Horiba Jobin Yvon Fluorolog-3), respectively.

2.4 Photocatalytic activity evaluation

The photocatalytic performances of the photocatalysts were
appraised under visible light irradiation, which was CEL-
HXUV300 300 W Xe lamp with a cut-off lter (l > 420 nm).
The target degradation was Rhodamine B (RhB). The experi-
mental process were implemented as follows: 20 mg of the
catalyst and the organic pollutants aqueous solution (100 mL,
10 mg L�1) were dispersed in a 500 mL beaker which was sur-
rounded by circulated water to keep the temperature under
20 �C. The suspension was stirred for 30 min in darkness to
achieve adsorption–desorption equilibrium between the
samples and the organic pollutant. Aer irradiation, 4 mL of the
solution was sampled every 20 min and centrifuged to separate
the catalyst and degradation solution. Then the supernatant
liquid was determined using a UV-vis spectrophotometer (UV-
5800PC, Shanghai Metash Instruments Co., Ltd). Besides, the
reusability and stability of the samples were evaluated from
recycling photocatalytic degradation reactions. In order to
detect the reactive species generated in the degradation process,
a trapping experiment was used with isopropanol (IPA), 1, 4-
benzoquinone (BQ), and ethylene diamine tetraacetic acid
(EDTA) as the scavengers for trapping hydroxyl radicals (cOH),
superoxide radicals (cO2

�), and holes (h+), respectively. The
method was identical with the above photocatalytic method.

2.5 Photoelectrochemical measurement

The electrochemical cyclic voltammetry (Cv), the photocurrent
and electrochemical impedance spectroscopy (EIS) tests were
obtained on a PGSTAT302/FRA2/ECN/ECD/BIPOT electro-
chemical workstation. The ITO (1.0 cm � 2.0 cm) glass, Pt plate
and Ag/AgCl were the working electrodes, the counter electrode
and reference electrode, respectively. The electrolyte of Cv was
0.1 mol L�1 TB4PF6 CH3CN solution and a scan rate was 50 mV
s�1. The electrolyte of photocurrent and EIS was 0.5 mol L�1

Na2SO4 aqueous solution under visible light (300 W Xe lamp
with a cut-off lter, l > 420 nm) at 0.1 V vs. Ag/AgCl.

3. Results
3.1 Composition and basic structure of as-prepared
photocatalyst

The basic structure and detailed phase composition of as-
prepared samples are displayed in Fig. 1. As we all know, pure
RSC Adv., 2020, 10, 9116–9125 | 9117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00960a


Fig. 1 (a) XRD patterns of the as-prepared pure g-C3N4, PTET-T-COOH and PTET-T-COOH/g-C3N4-1% photocatalyst, (b) Fourier transform
infrared spectroscopy (FTIR) spectra of as-prepared g-C3N4, PTET-T-COOH and PTET-T-COOH/g-C3N4-1% photocatalyst.
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g-C3N4 has two obvious diffraction peaks which are located at
13.1� and 27.4�, respectively. Meanwhile, the diffraction peak at
13.1� is corresponding to the (100) plane and the diffraction
peak at 27.4� is indexed to the (002) plane.36–38 The XRD pattern
of as-prepared PTET-T-COOH/g-C3N4-1% is also demonstrated.
It noted that the main characteristic diffraction peaks can be
still discovered. At the same time, we can evidently see that the
loading of PTET-T-COOH has not changed the diffraction peaks
compared with it in pure g-C3N4, which shows that the basic
lattice of g-C3N4 is not be demolished. Additionally, the
diffraction peak of PTET-T-COOH is not obvious in the as-
prepared photocatalyst which is probably due to their amor-
phous networks.

The detailed bond structure of as-prepared photocatalysts
were tested and displayed in Fig. 1b. The FTIR spectra of pure g-
Fig. 2 XPS spectra of pure g-C3N4 and PTET-T-COOH/g-C3N4-1% pho

9118 | RSC Adv., 2020, 10, 9116–9125
C3N4 is studied in many previous research works, whose peak at
807 cm�1 belongs to the out-of-plane bending modes C–N
heterocycles. Meantime, the obvious bands which are at
1237 cm�1, 1325 cm�1 and 1401 cm�1 are ascribed to the C–N
stretching.31 In addition, the peak at 1644 cm�1 is due to the
C]N stretching vibration modes.31 Interestingly, the main
peaks of g-C3N4 are also discovered in the PTET-T-COOH/g-
C3N4-1% photocatalyst, while the peak intensity of PTET-T-
COOH is not strong or obvious which is because of the low
loading content of PTET-T-COOH on the g-C3N4. Based on the
XRD and FTIR results, it can be conrmed that PTET-T-COOH/
g-C3N4 photocatalyst is successfully obtained.

In order to further explore the specic chemical composi-
tions, the as-prepared photocatalysts were examined by XPS.
Fig. 2a indicates the survey spectra of pure g-C3N4 and PTET-T-
tocatalyst: (a) survey spectra, (b) C 1s, (c) N 1s, (d) O 1s and (e) S 2p.

This journal is © The Royal Society of Chemistry 2020
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COOH/g-C3N4-1% photocatalyst which reveal that all the
elements are discovered in the as-prepared photocatalyst, con-
rming the successful synthesis of photocatalyst. Meanwhile,
the high-resolution XPS spectra are offered in Fig. 2b–e. In
Fig. 2b, it can be noted that the C 1s region in both pure g-C3N4

and as-prepared PTET-T-COOH/g-C3N4-1% photocatalyst are
divided into two peaks. One peak located in 284.8 eV is
belonging to absorbed carbon on the photocatalyst, while the
other peak which is located in 288.1 eV is ascribed to the
binding energy of C–(N)3 group.39,40 At the same time, in Fig. 2c,
the N 1s region of the g-C3N4 is separated into four peaks, which
is located in 398.4 (C]N–C), 399.4 (N–(C)3 group), 400.8 (N–(C)3
group in the aromatic cycles) and 404.2 eV (charging effects),
respectively.41 In contrast, four binding energy peaks of PTET-T-
COOH/g-C3N4-1% shi to higher and located at 398.8 eV,
399.6 eV, 401.4 eV and 404.2 eV, respectively. Additionally, the O
1s region is also divided into two peaks in single PTET-T-COOH
which is shown in Fig. 2d. The peak located in 530.7 eV is
ascribed to the crystal O of the as-prepared photocatalyst, while
the other peak located in 532.5 eV can be supposed to thanks to
the hydroxyl groups.6 Similar shi also slightly appear on the O
1s spectrum in the as-prepared PTET-T-COOH/g-C3N4-1% het-
erostructure. Two main peaks have shied to the lower energy
direction at the binding energies of 530.3 eV and 532.2 eV.
Furthermore, the S 1s peak (Fig. 2e) is located in 163.7 eV which
is belonging to C–S bond. The other peak located in 167.6 eV is
Fig. 3 FESEM images of (a) g-C3N4, (b) PTET-T-COOH, (c) PTET-T-CO

This journal is © The Royal Society of Chemistry 2020
probably due to the S2� and oxidized S.42 It is noteworthy that
the binding energy peak intensities take place signicant
change compared to those of single g-C3N4 and PTET-T-COOH.
The intensity ratio of the C–NH2 peak of the heterojunction is
much higher than that of pure g-C3N4, and the O 1s peak
intensity of PTET-T-COOH/g-C3N4-1% is also superior to that of
PTET-T-COOH. It suggests the existence of intermolecular p–p
interaction between PTET-T-COOH and g-C3N4. Based on the
above XRD, FTIR and XPS results, it can be deduced that PTET-
T-COOH/g-C3N4 photocatalyst is successfully synthesized.
3.2 Morphology of as-prepared PTET-T-COOH/g-C3N4-1%
photocatalyst

In Fig. 3a, it is found that pure g-C3N4 displays block micro-
structure. Meanwhile, from Fig. 3b it can be seen that pure
PTET-T-COOH shows a ower-like microstructure which
consists of plenty of thin nanosheets. The FESEM image of
PTET-T-COOH/g-C3N4-1% heterostructure is shown in Fig. 3c. It
can be clearly obtained that the g-C3N4 nanosheets are covered
by PTET-T-COOH, forming a strong interface between PTET-T-
COOH and g-C3N4. Additionally, this kind of strong interface
is also further veried by the TEM image which is demonstrated
in Fig. 3d. It can be directly seen that PTET-T-COOH nanosheets
are tightly contacted to the surface of g-C3N4. Furthermore, in
Fig. 4, EDS mapping of PTET-T-COOH/g-C3N4-1% photocatalyst
conrms the existence of C, N, O and S in the whole selected
OH/g-C3N4-1% and TEM image of (d) PTET-T-COOH/g-C3N4-1%.

RSC Adv., 2020, 10, 9116–9125 | 9119
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Fig. 4 EDS mapping of as-prepared PTET-T-COOH/g-C3N4-1% photocatalyst.
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area, revealing that all the elements are uniformly dispersed on
the photocatalyst. According to the above discussion, it can be
concluded that PTET-T-COOH/g-C3N4 photocatalyst is success-
fully fabricated.
3.3 UV-vis light adsorption of as-prepared photocatalyst

It is known to us that the band gap energy and light property of
as-prepared photocatalyst are important. Therefore, the UV-vis
Fig. 5 (a) UV-vis DRS of as-prepared photocatalyst. (b) Plots of the (Ah
tocatalyst. VB-XPS spectra of (c) pure g-C3N4 and (d) pure PTET-T-COO

9120 | RSC Adv., 2020, 10, 9116–9125
DRS is tested and shown in Fig. 5. Depicted from Fig. 5a, pure
g-C3N4 demonstrates poor visible light response whose light
adsorption range is within 550 nm. However, pure PTET-T-COOH
shows a wide light adsorption range which can be up to 700 nm.
More interestingly, aer loading PTET-T-COOH on g-C3N4

forming the heterostructure, the light adsorption range can be
obviously extended to 600–700 nm, which is extremely benecial
to improving photocatalytic performance. Considering all the
y)1/2 versus hy for pure g-C3N4 and PTET-T-COOH/g-C3N4-1% pho-
H.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) The degradation of pure g-C3N4, PTET-T-COOH and different ratios of PTET-T-COOH/g-C3N4 photocatalyst towards RhB. (b)
Absorption spectra of RhB over the PTET-T-COOH/g-C3N4-1% photocatalyst. (c) The pseudo-first-order reaction kinetics over the as-prepared
photocatalyst.
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above mentioned, the band gap width of all the samples are
calculated according to the formula: Ahy¼ A(hy� Eg)n/2, where A,
Eg, a, hy represent the light frequency, the band gap energy, the
absorption coefficient and the Planck constant, respectively.43–45

According to the previous works and tested data, it can be
concluded that the established Eg of the g-C3N4 is 2.32 eV, the Eg
of the PTET-T-COOH is 1.76 eV and the Eg of the PTET-T-COOH/g-
C3N4-1% is 1.75 eV, which is displayed in Fig. 5b. In order to
study the specic conduction band (CB) and valence band (VB)
position, the VB-XPS spectra of pure g-C3N4 and PTET-T-COOH
are tested whose results are shown in Fig. 5c and d. Based on
the VB-XPS spectra results and the calculated band gap energy, it
can eventually concluded that the CB position of g-C3N4 is
�0.52 eV and the CB position of PTET-T-COOH is �1.3 eV.
Fig. 7 (a) The PL spectra, (b) time-resolved fluorescence spectra, (c) t
prepared pure g-C3N4 and PTET-T-COOH/g-C3N4-1%.

This journal is © The Royal Society of Chemistry 2020
3.4 Photocatalytic performance

As is known to all, the high performance of synthesized pho-
tocatalyst is necessary. RhB, as a model contaminant, is chosen
to measure the photocatalytic performance. As shown in Fig. 6a,
it can be seen that the pure g-C3N4 and PTET-T-COOH show the
poor photocatalytic performance whose degradation efficiency
are only 7.19% and 42.3% within 120 min, respectively.
However, when loading PTET-T-COOH on g-C3N4, the degra-
dation efficiency is apparently enhanced. It can be noted that
the optimal ratio of PTET-T-COOH/g-C3N4-1% photocatalyst
shows an enhanced photocatalytic performance whose degra-
dation efficiency can reach to approximately 90%. Meanwhile,
the curves of the absorption change of RhB with as-prepared
PTET-T-COOH/g-C3N4-1% photocatalyst are shown in Fig. 6b.
ransient photocurrent responses and (d) the EIS Nyquist plots of as-
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It is obvious that the intensity of the UV-vis absorbance varia-
tions at 554 nm, which is consistent with RhB disappear grad-
ually aer degradation process. It reveals that the RhB
molecules structures are effectively degraded and destructed.
Additionally, the reaction kinetics of RhB is reported to accord
with the kinetic equation of rst-order reaction (Fig. 6c), ln(C0/
C) ¼ kt, in this formula, k are the apparent rate constants. It can
be noticed in Fig. 6c that the rate constant of as-prepared PTET-
T-COOH/g-C3N4-1% is 0.0184 min�1, which is higher than it in
any other as-prepared samples. Based on the above mentioned,
it can be deduced that the as-prepared PTET-T-COOH/g-C3N4-
1% photocatalyst is considered as a highly efficient
photocatalyst.
3.5 The separation and transfer of charge carrier

It is well known to us that the light adsorption range and the
separation and transfer of photogenerated carriers are impor-
tant for a good photocatalyst to be applied in the photocatalytic
reaction.46 Therefore, PL test, time-resolved uorescence test
and a series of electrochemical measurements are done in this
research work in order to explore the efficiency of photo-
generated carriers separation. As shown in Fig. 7a, pure g-C3N4

shows high uorescence intensity, however, when coupled with
PTET-T-COOH, the uorescence intensity obviously reduced,
suggesting that the recombination of electron–hole pairs is
effectively restrained. Meanwhile, as displayed in Fig. 7b, time
uorescence spectra test also shows that the explicit lifetime of
photogenerated carriers, which further conrms that the
formation of PTET-T-COOH/g-C3N4-1% photocatalyst can
contribute to the separation and diversion of photo-induced
carriers. Additionally, electrochemical measurements are also
carried out which is demonstrated in Fig. 7c and d. It can be
clearly noted that the as-prepared PTET-T-COOH/g-C3N4-1%
photocatalyst reveals a higher photocurrent response compared
with it in pure g-C3N4. At the same time, the EIS Nyquist plots
also show that the as-prepared PTET-T-COOH/g-C3N4-1% pres-
ents a smaller radius circle compared to it in pure g-C3N4,
Fig. 8 N2 adsorption–desorption isotherms of as-prepared g-C3N4

and PTET-T-COOH/g-C3N4-1% photocatalyst.
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clarifying that the as-prepared PTET-T-COOH/g-C3N4-1% pho-
tocatalyst has a smaller interfacial charge transfer resistance.
Based on the above discussion, it can be deduced that the as-
prepared PTET-T-COOH/g-C3N4-1% photocatalyst is a high
efficient and durable photocatalyst.

As is well-known that the surface area (SBET) and specic
pore structure of the as-prepared photocatalyst are important to
the photocatalytic degradation efficiency. The tested BET
results are shown in Fig. 8. It can be noted in Fig. 8 that the
hysteresis loops of both the as-prepared g-C3N4 and PTET-T-
COOH/g-C3N4-1% are regarded as the H3 type, which suggests
that the as-prepared photocatalyst has mesopores, further
providing the transfer route for the photogenerated electrons
and holes. This kind of pores can faster separate of photo-
generated carriers and improve the transfer of the charge
carriers, thus enhancing the photocatalytic performance.
Meanwhile, compared with the surface area in pure g-C3N4

(20.0768 m2 g�1), the as-prepared PTET-T-COOH/g-C3N4-1%
photocatalyst has a larger surface area (38.9429 m2 g�1), sug-
gesting that is probably ascribed to the large surface area which
provides more active sites and absorption sites to enhanced
photocatalytic performance.

Universally speaking, whether the photocatalytic reaction
can succeed in proceeding depends on the generated active
radicals such as cO2

�, cOH radicals.47–49 Therefore, we test the
photocatalytic degradation efficiency of the PTET-T-COOH/g-
C3N4-1% photocatalyst with various scavengers under visible
light irradiation which is demonstrated in Fig. 9a. The photo-
catalytic degradation efficiency showed visibly decreased when
the scavenger BQ was added, suggesting that cO2

� radical plays
an crucial part in the photocatalytic reaction. Meanwhile, it can
also be depicted that the photocatalytic degradation efficiency is
slightly decreased in the presence of EDTA and IPA, respec-
tively, which demonstrates that h+ and cOH radicals have a less
impact on the photocatalytic reaction. In comparison with the
photocatalytic degradation efficiency in the presence of various
scavengers, we also test the photocatalytic degradation effi-
ciency in the absence of scavengers, further conrming that the
photogenerated active radicals have an important inuence in
the photocatalytic reaction. Furthermore, the electron spin
resonance (ESR) spin-trap technique is tested which is shown in
Fig. 9b and c. It is shown that the DMPO$O2

� characteristic
peaks are not found in the dark condition while they are
discovered in the visible light irradiation, which implies that
the cO2

� radicals can be generated under visible light irradia-
tion. At the same time, the DMPO$OH characteristic peaks are
also detected in the as-prepared PTET-T-COOH/g-C3N4-1%
photocatalyst. The ESR results are consistent with the radicals
capture experiments (Fig. 9a), further providing direct evidence
for the role of active radicals in the photocatalytic reaction.
3.6 Stability tests

A good photocatalyst should not only have a high photocatalytic
performance, but also a superior stability. Considering these
two aspects, the cycling photocatalytic experiments of PTET-T-
COOH/g-C3N4-1% for degradation of RhB are tested and
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Photocatalytic degradation efficiency of the as-prepared PTET-T-COOH/g-C3N4-1% photocatalyst for the degradation of RhB
solution in the presence of various scavengers under visible light irradiation. ESR signals of the (b) DMPO$O2

� and (c) DMPO$OH for as-prepared
PTET-T-COOH/g-C3N4-1% photocatalyst both under dark and visible light irradiation.

Fig. 10 (a) Cycling photocatalytic experiments of PTET-T-COOH/g-C3N4-1% for degradation of RhB, (b) XRD patterns of as-prepared PTET-T-
COOH/g-C3N4-1% photocatalyst before and after photocatalytic reaction.

Fig. 11 The photocatalytic mechanism of as-prepared PTET-T-
COOH/g-C3N4 heterostructure for degradation of RhB under visible
light irradiation.
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provided in Fig. 10a. As shown in Fig. 10a, it can be noted that
the degradation efficiency of RhB has no obvious change aer
four cycles, suggesting that the as-prepared PTET-T-COOH/g-
C3N4-1% photocatalyst has a high stability. Additionally, XRD
patterns of as-prepared PTET-T-COOH/g-C3N4-1% photocatalyst
before and aer photocatalytic reaction are also tested which is
displayed in Fig. 10b. It can be depicted that the main XRD
diffraction peaks have no evident change, indicating the basic
structure of as-prepared photocatalyst is not changed, which
further conrm the superior stability of as-prepared photo-
catalyst. Based on the above discussed, it can be concluded that
the as-prepared PTET-T-COOH/g-C3N4-1% photocatalyst is
a durable and high efficient photocatalyst.

Considering the above results and discussions, the possible
photocatalytic mechanism of as-prepared PTET-T-COOH/g-
C3N4 heterostructure for degradation of RhB is displayed in
Fig. 11. Both g-C3N4 and PTET-T-COOH can generate the pho-
togenerated e�/h+ pairs under visible light irradiation. As shown
in Fig. 11, it can be seen that the photoexcited electrons in the
conduction band of PTET-T-COOH can transfer to the conduc-
tion band of g-C3N4, while the photogenerated holes will
transfer from the VB of g-C3N4 to the VB of PTET-T-COOH.
These photogenerated carriers are following this transfer path
which is benecial to the separation of photogenerated e�/h+

pairs as well as prohibit the recombination of them, thus
enhancing the photocatalytic performance. The accumulated
This journal is © The Royal Society of Chemistry 2020
photogenerated electrons on the conduction band of g-C3N4 can
be captured O2 by the reduction to form cO2

� radicals thanks to
its more negative potential (ECB, �0.53 eV vs. NHE).50,51 The
model organic contaminant RhB can be oxidized and dis-
composed by the strong oxidation of formed cO2

� radicals.
Meantime, the photogenerated holes on the VB of PTET-T-
COOH cannot directly produce cOH radicals due to its more
RSC Adv., 2020, 10, 9116–9125 | 9123
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negative potential (EVB, 0.5 eV vs. NHE).52–54 However, the active
radical capture experiments show that the cOH radicals have an
inuence on the photocatalytic performance which is corre-
sponding with the ESR results. The cOH radicals are detected by
the ERS technique. Thence, there is no doubt that the cOH
radicals are generated by the oxidation of H2O2. The H2O2 is
produced by the reaction H2O2 (O2 + 2e� + 2H+ ¼ H2O2 (aq))
whose potential is O2/H2O2 ¼ 0.682 eV.1 According to this
proposed pathway, the as-prepared PTET-T-COOH/g-C3N4 het-
erostructure shows the improved separation and transferability
of photogenerated electron–hole pairs, thus enhancing the
photocatalytic degradation of RhB.

4. Conclusions

To sum up, we successfully synthesized the PTET-T-COOH/g-
C3N4 heterostructure via a simple method. The synthesized
PTET-T-COOH/g-C3N4 heterostructure displays the enhanced
photocatalytic degradation ability towards the model organic
contaminant RhB. Meantime, the photocatalytic degradation
rate constant is nearly 3.83 times than that of the onefold g-
C3N4. The preferable photocatalytic degradation efficiency is
mainly ascribed to three aspects. One is the faster photo-
generated carriers transferability and lower photogenerated
electron–hole pairs recombination because of the formation of
PTET-T-COOH/g-C3N4 heterostructure. The second is more
active sites and reaction sites can be provided by the larger
surface area. The third is the strong interaction between PTET-
T-COOH and g-C3N4. In addition, the as-prepared PTET-T-
COOH/g-C3N4 heterostructure may provide new promising
approaches of fabricating any other heterostructures with high
photocatalytic activity and superior stability.
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