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Donor-acceptor (D-A) structure has gained momentous attention due to its controllable optical band gap and
impressive carrier separation performance. The intramolecular charge transfer within photocatalysts could be
modulated by constructing a D-A structure, thereby enhancing their performance in degrading pollutants. In our
recent research, using poly(3-bromothiophene) (PTh-Br) and dicyandiamide (DCD) as precursors, a series of D-A
structures (CN-PTh-Br(x)) based on polythiophene donors and carbon nitride acceptors were obtained by one-pot
synthesis for first-time. The density functional theory calculations further demonstrate that PTh-Br segment (an
electron donor) donates electrons to tri-s-triazine rings (an electron acceptor). The introduction of electron-rich
polythiophene groups and electron-withdrawing Br atoms on carbon nitride skeleton can propel the transfer and
separation of holes and electrons. Moreover, the polythiophene groups with high conjugation length can opti-
mize the optical absorption of CN-PTh-Br(x) at 450-600 nm, thus markedly heightening the visible-light utili-
zation efficiency of the materials. The photocatalytic performance of CN-PTh-Br(x) was assessed through the
photodegradation of 2-mercaptobenzothiazole (MBT) under visible-light illumination. The photodegradation
performance of CN-PTh-Br(0.5) stood out among all the samples, demonstrating a remarkable ability to remove
99.8% of MBT within 45 min.

1. Introduction

Photocatalysis has garnered major attention due to the capacity to
utilize solar energy for the removal of harmful pollutants. At the heart of
photocatalysis lies the semiconductor photocatalyst, which exhibits
redox capabilities in the presence of light. Nevertheless, the limited
exploitation of visible light and the rapid recombination of electrons and
holes pose significant challenges to the functional implementation of
photocatalysts.[1-9] Consequently, numerous researchers have focused
their efforts on addressing these shortcomings in order to achieve effi-
cient and safe practical applications.

Graphitized carbon nitride (g-C3Ny) is a two-dimensional polymer
semiconductor that can act as a photocatalyst with excellent photo-
catalytic performance.[10] It can be obtained by heating precursors
such as cyanamide[11,12], dicyandiamide[13], urea[14], and mel-
amine[15]. However, the photocatalytic effectiveness of g-C3Ny is con-
strained by the low visible-light absorption and the rapid electron-hole
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pairs recombination. Consequently, a variety of modification techniques
have been developed to boost its photocatalytic performance, including
surface modification[16-19], metal or non-metal doping[20-23], and
heterojunctions creation[24-27]. Nevertheless, given the constraints of
traditional techniques, the development of novel modification strategies
continues to be crucial. Creating a donor-acceptor (D-A) structure
triggers an internal electric field, which aids in holes and electrons
generation. The electron affinity difference enhances intramolecular
charge transfer, resulting in electron transfer from the electron donor
segment to the electron acceptor segment.[28]

In recent years, numerous researches have explored the rational
design of D-A structures based on g-C3Ny4. Che et al.[29] conducted a
study where they prepared an innovative D-A structure with high pho-
tocatalytic activity by thermal copolymerisation. The experimental re-
sults demonstrated that the resulting porous D-A structured
photocatalysts not only enhanced the utilization of light but also facil-
itated the migration of carriers due to the introduction of formaldehyde
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resin in the photocatalyst structure. Wu et al.[30] used two materials as
precursors for synthesizing a variety of D-A structures based on g-C3Ny,
which expanded the visible-light capturing capability and accelerated
the photogenerated electron and hole separation. In all the cases
mentioned above, electron acceptor segments that can facilitate the
efficient transfer of electrons were introduced into the g-C3Njy structure.
It is well known that electron reduction on the photocatalyst LUMO is
the primary source of free radicals in photocatalysis. This implies that
introducing electron-acceptor fragments into the photocatalyst frame-
work reduces its LUMO energy, thereby hindering the production of
active free radicals.[31] Therefore, g-C3N4 acts as an electron-acceptor,
and the introduction of an electron-donor fragment into its skeleton will
facilitate the continuous transfer of electrons from electron donor to
electron acceptor, thus intensifying the separation of holes and
electrons.

Conjugated polymer is a kind of semiconductor material with a
designable structure, high chemical stability, and strong optical trapping
ability, which has a wide application prospect.[32,33] Conjugated
polymers such as polypyrrole[34,35], polyaniline[36], polythiophene
[37-39], or polyvinylpyrrolidone[40] are combined with pre-prepared
g-C3Ny, and the resulting heterostructures have been shown to amelio-
rate the carrier mobility and visible light utilization of the prepared
photocatalysts, thus achieving organic pollutant degradation and
hydrogen production. Poly(3-bromothiophene) (PTh-Br) has a compact
and stable structure with good environmental stability[41], but the
modification of g-C3sN4 with PTh-Br has not been reported.

In this study, PTh-Br was first prepared, and then PTh-Br and
dicyandiamide (DCD) were used as precursors to obtain the D-A struc-
tured CN-PTh-Br(x) by thermal copolymerization. PTh-Br was chosen as
the electron donor unit because of the electro-rich nature of the thio-
phene groups and the electron-absorbing nature of the Br atoms. The
addition of PTh-Br narrows the band gap, improves the optical har-
vesting capacity, reduces the photogenerated carriers recombination,
and boosts the photodegradation efficiency. A potential photocatalytic
mechanism was proposed, and the photocatalytic activity and photo-
degradation durability of the prepared CN-PTh-Br(0.5) were
investigated.

2. Materials and methods
2.1. Materials

3-Bromothiophene (Th-Br), trifluoroacetic acid (TFA), and boron
trifluoride diethyl etherate (BFEE) were procured from Macklin
(Shanghai, China). Sodium sulfate (NaySO4) and Ethyl-
enediaminetetraacetic acid disodium salt (EDTA-2Na) were purchased
from Tianli (Tianjin, China). Dicyandiamide (DCD), tert-Butanol (TBA),
L-Ascorbic acid, and methyl alcohol (MeOH) were provided from Damao
(Tianjin, China). Absolute ethanol (EtOH) was acquired from Fuyu
(Tianjin, China). 2-Mercaptobenzothiazole (MBT) was produced by
Aladdin (Shanghai, China).

2.2. Methods

2.2.1. Preparation of poly(3-bromothiophene) (PTh-Br)

The electrochemical polymerization of monomer Th-Br was imple-
mented using a tri-electrode system on an electrochemical workstation
(Scheme S1). Two Pt sheets with a surface area of 1 cm? were utilized as
both the working and counter electrodes for polymer production. A Pt
wire with a radius of 0.25 mm was employed as the reference electrode.
The electrolytic medium utilized was a mixture of TFA/BFEE in a 1:9
volumetric ratio containing 0.1 mol/L Th-Br. The procedure of electro-
polymerization was executed at a sustained potential of 0.7 V for a
duration of 2 h. The residual solution was diluted with DI water and then
subjected to three extractions with CHCls. The organic layers were then
combined, dried, filtered, and evaporated to yield a polymer named

Separation and Purification Technology 338 (2024) 126457

PTh-Br. The gel permeation chromatography (GPC) measurements of
obtained PTh-Br showed a number-average molecular weight (M,) of
307806, a weight-average molecular weight (M,,) of 308461, and a
polydispersity index (PDI) of 1.002.

2.2.2. Preparation of CN-PTh-Br(x) and CN

Thermal copolymerisation was carried out with PTh-Br and DCD as
precursors (Scheme S2). DCD and PTh-Br were dissolved in methanol
successively at 40 °C, stirring at the above temperature for 30 min,
drying at 60 °C, and grinding for 30 min. The powdered mixture is then
added to the ceramic crucible, which is subsequently covered and
transferred to the muffle furnace. The mixture was progressively heated
to 550 °C at arate of 5 °C per minute, followed by continuous calcination
at 550 °C for 4 h. The acquired catalysts were denoted as CN-PTh-Br(x)
(x = 0.1, 0.3, 0.5, 0.7, and 1.0), respectively, where x% is the used
weight ratio of PTh-Br to DCD. As a comparison, pristine CN catalyst was
obtained by calcinating DCD using a similar procedure as mentioned
above without PTh-Br. For the purpose of better investing solid-state
nuclear magnetic resonance (ssNMR), the weight ratio of PTh-Br to
DCD was increased to 30%, denoted as CN-PTh-Br(30).

2.3. Characterization
The detailed characterization is shown in Text S1.
2.4. Photocatalytic degradation experiments

2.4.1. Photodegradation of MBT

Using a CEL-HXF300 Xe-lamp equipped with a A > 420 nm UV cut-off
filter as the sole light source, the photocatalytic performance of each
photocatalyst was assessed. In general, for a consistent ratio of photo-
catalyst to organic contaminant solution across the photocatalysis pro-
cess, 20 mg of the acquired catalytic sample was scattered in 20 mL of
MBT solution (20 mg/L). Before initiating the photodegradation trial,
the suspension was agitated away from light for 30 min to attain the
adsorption—desorption equilibrium. During the photocatalytic reaction,
a 1.5 mL sample of the reaction mixture was periodically filtered and
collected using a mixed cellulose ester filter head (0.22 pm in pore size)
to entirely remove the photocatalyst particles from the sample. The
concentration of the remaining MBT solution at each stage during
photocatalytic degradation was measured by a Shimadzu LC-16 liquid
chromatography. The calculation formulas of degradation efficiency and
degradation reaction rate constant are shown in Text S2.

2.4.2. Cycle experiments

The reusability of CN-PTh-Br(0.5) was investigated by recycling
experiments. The same CN-PTh-Br(0.5) sample was employed five times
for the photocatalytic removal reaction of MBT. After the end of each
reaction, the catalyst underwent a process of filtration, washing, and
drying. Filtration was performed under vacuum, washing twice each
involved alternating between DI water and EtOH, and drying was done
at 60°C for 2 h.

2.4.3. Radicals trapping experiments

To investigate the principal active species in the photocatalytic
degradation of organic pollutants, we employed the radical quenching
assay, which is accomplished by adding suitable scavengers during the
photodegradation process. The applied scavengers in the process include
L-Ascorbic acid, EDTA-2Na, and TBA, which were employed to
neutralize superoxide radical (-O3), holes (h™), and hydroxyl radical
(-OH), respectively. The concentration of each scavenger used in the
solution was 5 mmol/L.

2.5. Photoelectric performance test
CHI660E

The electrochemical test was conducted on a
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electrochemical workstation using an electrolyte of 0.5 mol/L NaySO4.
In the aforementioned experiment, a one-chamber triple-electrode sys-
tem was employed with a prepared photoelectrode sheet (working
electrode), a platinum sheet (counter electrode), and a saturated
calomel electrode (reference electrode). A CEL-HXF300 Xe-lamp
equipped with A > 420 nm UV cut-off filter is utilized as the light source.
The preparation of the photoelectrode and the photoelectric perfor-
mance test parameters are described in Text S3.

2.6. Computational details

The density-functional-theory (DFT) calculations were carried out by
using Gaussian 16 software[42]. The molecular structures were built
using GaussView 6.0.16 Program[43]. The B3LYP functions, the 6-311G
(d, p) basis set, and the GD3BJ semi-classical approach for dispersion
correction were used in all DFT calculations. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of CN and CN-PTh-Br(0.5) were constructed, respectively.

3. Results and discussion
3.1. Characterization

The transmission emission microscope (TEM) and scanning electron
microscope (SEM) were applied to detect the morphologies of the pho-
tocatalytic samples. Compared with the typical lamellar structures of CN
in Fig. la-b, the sheet-like structures of CN-PTh-Br(0.5) in Fig. lc-
d become thinner and smaller. The formation of smaller flake structures
may be due to the introduction of PTh-Br during the copolymerisation
process resulting in the hindered bonding degree of the melon units. It is
known that the ultrathin layered structure facilitates charge transfer and
light absorption. Fig. 1e demonstrates that the elements C, N, S, and Br
are dispersed on the surface of the sheet.

To gain further information on the chemical structures of the cata-
lysts, a series of solid-state nuclear magnetic resonance (ssNMR) ex-
periments were conducted. Fig. 2a-b shows the molecular structures of
CN and CN-PTh-Br(30), respectively. 'H ssNMR spectra of CN and CN-
PTh-Br(30) are shown in Fig. 2¢, and two strong and wide peaks can
be observed, where the chemical shift of ~ 4.4 ppm represents the signal
of residual water, and the chemical shift of ~ 9.0 ppm represents the
signal of amino groups and aromatic heterocycle. The ratio of signal
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intensities of CN-PTh-Br(30) at ~ 9.0 ppm and ~ 4.4 ppm chemical
shifts is greater than that of CN, due to the introduction of the polymer
PTh-Br into the edge of the CN-PTh-Br(30) carbon nitride framework.
Fig. 2d presents 13C ssNMR spectra of CN and CN-PTh-Br(30), where the
characteristic peaks of CN and CN-PTh-Br(30) include exocyclic carbon
(C1) located at 164.3 ppm and endocyclic carbon (C2) located at 156.5
ppm.[44-46] These chemical shift assignments are consistent with
previous reports. From Fig. 4d, a new weak peak located at ~ 128.9 ppm
is on account of aromatic heterocycle C=C. This indicates that the car-
bon nitride framework is still maintained in CN-PTh-Br(30), while the
PTh-Br structure has been successfully grafted onto the edges of the
carbon nitride skeleton. The structures of CN and CN-PTh-Br(0.5) were
further characterized by XRD (Fig. Sla), AFM (Fig. S1b), and ATR-FTIR
(Fig. S2). It can be seen that the carbon nitride framework structure of
CN-PTh-Br(0.5) remains essentially unchanged after the introduction of
PTh-Br, which is consistent with the ssNMR results.

Subsequently, the specific Brunauer-Emmett-Teller (BET) surface
area of CN and CN-PTh-Br(0.5) was examined by Ny adsorp-
tion—desorption isotherms. As illustrated in Fig. 3, all catalyst samples
exhibit type IV isotherms with H3 hysteresis loops, revealing the mes-
oporous structures.[47] As shown in Table S1, the BET surface area of
CN-PTh-Br(0.5) is 9.14 m? g™, which is slightly higher than that of CN
(8.27 m? g~1). This increase can be attributed to the gases (HBr and NHj)
released by the introduction of PTh-Br during calcination.[48,49]
Additionally, as the pore size and BET surface area increase, the expo-
sure of the active sites to organic contaminants also increases, thereby
achieving improved photocatalytic degradation performance.

From Fig. 4, the X-ray photoelectron spectroscopy (XPS) spectra of
CN and CN-PTh-Br(0.5) are exhibited. The overall XPS survey spectra
show little difference, which may be due to the insufficient addition of
PTh-Br. Fig. 4a displays the full spectra of catalyst elements, and the
elements C, N, and O are present in all catalysts.

In Fig. 4b, the high-resolution XPS spectra of C 1s in CN can be fitted
to three peak components at 284.60 eV (C-C/C=C), 286.02 eV (C-NH,),
and 287.59 eV (N-C=N).[50] The relatively stronger peak at 284.60 eV
in CN-PTh-Br(0.5) is due to the presence of aromatic heterocycles in
PTh-Br. Fig. 4c shows high-resolution XPS spectra of N 1s, in which CN
exhibits four peaks centered at 398.01 (C-N=C), 399.94 (N-(C)3), 400.62
(C-N-H), and 403.91 eV (n-*).[51] Notably, Remarkably, in CN-PTh-Br
(0.5), the binding energy of the N-(C)3 group (398.81 eV) shifts to a
lower binding energy due to electron acquisition, and the relative

Fig. 1. (a) SEM and (b) TEM images of CN, (c) SEM and (d) TEM images of CN-PTh-Br(0.5), (e) elemental mapping images of CN-PTh-Br(0.5).
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distribution curves (inset) of CN and CN-PTh-Br(0.5).

enhancement of the peak of the N-(C)3 group indicates that the thio-
phene ring is attached to the suspended amino group of carbon nitriding.
In Fig. 4d, the O 1s spectra of both samples have characteristic peaks at
~ 530 eV from surface-adsorbed H5O and at ~ 532 eV from surface-

adsorbed O,. From Fig. 4e, the S 2p spectra of CN-PTh-Br(0.5) have
two characteristic peaks at 163.68 (S 2ps/2) and 165.88 eV (S 2p;,2),
respectively, which are caused by the presence of Sulphur in thiophene.
In the CN-PTh-Br(0.5) sample (Fig. 4f), the corresponding peaks of Br
3ds/, and Br 3ds,; representing the C-Br bond in PTh-Br at 67.48 and
68.58 eV were observed respectively. Therefore, combined with the
above results, it can be concluded that conjugated polymer PTh-Br was
grafted onto the structure of carbon nitride.

3.2. Optical and electrochemical properties

Fig. 5a displays the UV-visible diffuse reflectance spectra used to
evaluate the optical properties of the photocatalysts. Two peaks
appeared at approximately 260 and 380 nm could be due to n-n* or n-t*
electronic transitions in the heptazine ring conjugated system.[52] The
absorption edges of the PTh-Br-modified catalysts were red-shifted
compared to that of CN (near 450 nm), which consequently enhanced
their light absorption in the 450-600 nm range. The redshift of the ab-
sorption indicates the formation of polymers with higher conjugation
lengths[53] and the redshift increases with the content of PTh-Br, which
implies that the conjugated polymer PTh-Br was successfully introduced
to the edges of the carbon nitride structure. It clearly states that the
light-trapping ability of CN-PTh-Br(x) in the visible region is signifi-
cantly enhanced, implying its potential to possess considerable photo-
catalytic activity. Therefore, it can be proved that the PTh-Br
modification promotes the photocatalytic activity of CN-PTh-Br(x)
caused by the increase in visible-light absorption capacity.

As expected, the E; value decreases from 2.52 eV for CN to 2.28 eV
for CN-PTh-Br(0.5) (Fig. 5b) according to Eq. (1):
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(ahw)"” = A(hw — E,) 6h)
where a represents the absorption coefficient, A denotes a constant, h is
Planck constant, v symbolizes optical frequency, and E; signifies direct
band gap energy. Modifying the carbon nitride backbone with a conju-
gated polymer can both optimize the electronic structure and narrow the
optical band gap, while the electronegative bromine substituents on the
main chain of the aforementioned conjugated polymer can also alter the
charge transport properties[54], further improving the charge mobility
in the process of photocatalytic redox reaction.

Fig. 5c illustrates the Mott-Schottky curves of the catalysts, both
before and after modification, which have positive slopes, indicating
that they are n-type semiconductors, and the modification does not
change their conductive behavior.[55] Remarkably, the slope of CN-
PTh-Br(0.5) becomes smaller, indicating faster carrier migration and
separation. It is widely recognized for n-type semiconductors, the con-
duction band bottom has a potential that is ~ 0.1 V more negative

compared to the flat band.[56] Therefore, the conduction band poten-
tials of CN and CN-PTh-Br(0.5) are converted to —0.55 and —0.66 V vs.
NHE. The Eyp value is calculated using Eq. (2):

Evg = Ecg + E, (2)
where Eyp denotes the valence band (VB) value, and Ecp presents the
conduction band (CB) value. The energy band structures of CN and CN-
PTh-Br(0.5) are depicted in Fig. 5d, and the VB of these materials are
1.97 and 1.62 V vs. NHE. Following the creation of mesoporous material
and the modification by PTh-Br, both the VB and CB values of CN-PTh-Br
(0.5) shifted negatively, with the CB value shifted to a higher energy by
0.11 V compared to that of CN, indicating that the electrons in the CB of
CN-PTh-Br(0.5) are more active. The narrower band gap, the more
negative displacement of CB, and the higher conductivity of CN-PTh-Br
(0.5) promote electron transfer in the photocatalytic process.

Surface photovoltage (SPV) measurement (Fig. 6) is used to char-
acterize the separation rate of photogenerated charge carriers over CN
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Fig. 6. Surface photovoltage (SPV) spectra of CN and CN-PTh-Br(0.5).

and CN-PTh-Br(0.5). The intensity of the SPV signal reflects the sepa-
ration rate of the photoinduced electron-hole pairs. Generally, the
stronger the responses of SPV spectra, the higher the charge separation.
[57] The CN-PTh-Br(0.5) sample shows a stronger SPV response than
CN, which reflects the greatly enhanced charge separation efficiency.
Furthermore, the fluorescence spectra of the two samples were recorded

to investigate their charge separation efficiency. Fig. 7a shows the
photoluminescence (PL) emission spectra of photocatalysts at room
temperature. With the increase of PTh-Br addition, the photo-
luminescence intensity of CN-PTh-Br(x) decreased gradually, and all of
them were significantly lower than that of CN except CN-PTh-Br(0.1).
Indeed, a higher photoluminescence intensity suggests a higher rate of
carrier recombination, which in turn results in a lower photocatalytic
activity. Therefore, the low emission peak intensity of CN-PTh-Br(x)
suggests a superior ability to separate electrons and holes. To gain
further insights into the charge carrier dynamics, a key parameter in
determining the photocatalytic performance, time-resolved PL (TRPL)
experiments were performed at room temperature. CN and CN-PTh-Br
(0.5) were excited at 340 nm, and their emission decay curves were
monitored at the maximum emission wavelength (475 nm), as shown in
Fig. 7b. The average electron lifetimes are calculated by Eq. (S6). The
obtained fluorescence lifetimes (z) and their relative amplitudes (A) are
summarized in Table S2. It can be known from the calculation results
that the average electron lifetime (7,ve) of CN is 12.38 ns, which is
greater than that of CN-PTh-Br(0.5) (10.26 ns), which is ascribed to the
more rapid and effective charge transfer of CN-PTh-Br(0.5).[58] The
decreased average electron lifetime in the CN-PTh-Br(0.5) demonstrated
a non-radiative pathway of electron interaction[59], which further
suggested that the constructed D-A structure in CN-PTh-Br(0.5) served
as an efficient intramolecular charge transfer channel.[31] Additionally,
to assess the separation behavior of holes and electrons, photo-
electrochemical trials were conducted. The transient photocurrent re-
sponses (TPR) of various catalysts are shown in Fig. 7c, which were
gauged at 0 V vs. SCE. Under visible-light, the generated current density
of CN-PTh-Br(0.5) is much higher than that of CN, indicating that CN-
PTh-Br(0.5) could supply more holes and electrons engaging in the
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Fig. 7. (a) PL emission spectra, (b) TRPL decay spectra, (c) TPR, and (d) EIS of photocatalysts.

photocatalytic reaction process. The rapid transfer and separation of
charge carriers may result from the introduction of polythiophene do-
nors on the one hand, and the substitution of electronegative bromine on
the polythiophene backbone on the other.[60,61] The arc radius of CN-
PTh-Br(0.5) on the Nyquist plot from electrochemical impedance spec-
troscopy (EIS), as shown in Fig. 7d, was smaller than that of CN,
denoting the lower transfer resistance and the higher mobility of charge.
Based on these results, the polythiophene segments (electron donors) in
the PTh-Br-modified carbon nitride structure can rapidly transfer elec-
trons to the carbon nitride segments (electron acceptors), and the
introduction of strongly electron-absorbing bromine atoms on the
thiophene molecule can further accelerate the electron transfer, thus
improving its catalytic activity.[62]

3.3. Photocatalytic activity

Fig. 8a shows a comparison of MBT photodegradation for various
photocatalysts, from which it can be seen that the self-degradation of
MBT and the adsorption capacity of all the samples are negligible. The
degradation rates of MBT after 45 min of visible-light illumination are as
follows: CN-PTh-Br(0.5) > CN-PTh-Br(1.0) > CN-PTh-Br(0.7) > CN-
PTh-Br(0.3) > CN-PTh-Br(0.1) > CN. Notably, all the PTh-Br-modified
catalysts significantly promoted the photocatalytic degradation of
MBT, among which CN-PTh-Br(0.5) indicated the highest photocatalytic
performance achieving a remarkable removal rate of 99.8%. The
degradation capacity was reduced when the amount of PTh-Br used
exceeded 0.5%. This decrease in photocatalytic performance could
potentially be attributed to the structural distortion resulting from the
introduction of excessive long-chain polythiophene, resulting in the
formation of an increased number of holes and electrons complex sites.

The degradation intermediate products of MBT were detected by HPLC-
MS, and the mass spectrometry results are shown in Fig. S3.

The kinetic curves of MBT degradation over CN-PTh-Br(0.5) are
depicted in Fig. 8b. It is obvious that two types of kinetic characteristics
are shown at different degradation times, with the photocatalytic
degradation data conforming to a zero-order kinetic curve in the first 20
min (Fig. 8b, left) and a first-order kinetic curve in the range of 20-30
min (Fig. 8b, right). During the first 20 min, the photodegradation re-
action rate was almost independent of MBT concentration, which may
be caused by the initial contaminant solution containing excessive MBT.
The zero-order degradation reaction rate constant (Kp) was 0.72 mg/L
min~!. After 20 min of the photodegradation reaction, it was observed
that the diffusion rate from the solution to the surface of the photo-
catalyst decreased with lower concentrations of MBT, resulting in the
influence of MBT concentration at this stage cannot be ignored. The first-
order degradation reaction rate constant (K1) was 0.13 min™".

From Fig. 8c, the photocatalytic degradation data for all samples
appeared to fit the zero-order kinetic curve throughout the photo-
degradation process. This phenomenon might be caused by the rela-
tively lower photocatalytic degradation rate of MBT in these samples,
leading to the concentration of MBT still being relatively higher within
the first 30 min of photodegradation. The K, values of MBT over CN, CN-
PTh-Br(0.1), CN-PTh-Br(0.3), CN-PTh-Br(0.7), and CN-PTh-Br(1.0)
were 0.23, 0.43, 0.47, 0.50, and 0.53 mg/L min_l, respectively, where
the Ky of CN-PTh-Br(0.5) was thrice that of CN. The aforementioned
results reveal that CN-PTh-Br(0.5) has the highest photocatalytic
degradation performance for MBT removal.

To evaluate the stability of CN-PTh-Br(0.5), five consecutive MBT
degradation experiments were performed (Fig. 8d). It was evident that
the photocatalytic efficiency of CN-PTh-Br(0.5) was almost unchanged
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Fig. 8. (a) Photocatalytic degradation of MBT (20 mg/L) by various photocatalysts, (b) zero-order kinetic curve (left) and the first-order kinetic curve (right) of MBT
degradation over CN-PTh-Br(0.5), (c) zero-order kinetic curves of MBT degradation over CN, CN-PTh-Br(0.1), CN-PTh-Br(0.3), CN-PTh-Br(0.7), and CN-PTh-Br(1.0),

(d) the cycle experiments of CN-PTh-Br(0.5).

after five cycles, indicating excellent stability and reusability of the CN-
PTh-Br(0.5) photocatalyst.

The actual water contains various ions, which will affect the practical
application of photocatalysts. The application of the material in the real
environment was simulated using actual river water. As shown in
Fig. 9b, the river water was collected from the Ba River in Xi’an, Shaanxi
Province China. The initial concentration of MBT is 20 mg/L, and the
experimental results are displayed in Fig. 9a. The photocatalytic

performance of CN-PTh-Br(0.5) in the actual river water shows a slight
increase compared to that in DI water, which may be due to the small
amount of humic acid in the river water. The humic acid molecules have
a quinone structure and probably react with water to generate -OH
under light irradiation.[63] The CN-PTh-Br(0.5) sample shows excellent
removal ability in actual water bodies, which indicates that it has great
potential in wastewater treatment.

@,
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Fig. 9. (a) Effect of different water samples on the degradation of MBT over CN-PTh-Br(0.5) under visible light irradiation, (b) the water source sampling points.
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3.4. Photocatalytic mechanisms

During the photocatalytic degradation of MBT over CN-PTh-Br(0.5),
L-Ascorbic acid, EDTA-2Na, and TBA were selected as the scavengers for
the three primary active species in the photocatalytic reaction process:
¢03, h', and eOH.[64] From Fig. 10, compared with the experiment
without any scavengers, the addition of L-Ascorbic acid completely
inhibited the photo-degradation of MBT, the addition of EDTA-2Na
reduced the photocatalytic removal rate of MBT by about 22%, and
the addition of TBA had almost no interference on the photocatalytic
removal rate of MBT. These results indicated that eO3 played the most
significant role during the photodegradation of MBT, followed by h™,
while ¢OH has minimal impact on the degradation process.

The internal electronic structures of the catalysts were monitored via
electron paramagnetic resonance (EPR). As shown in Fig. 11a, both
materials exhibit only one Lorentzian paramagnetic absorption signal, at
approximately g = 2.0033, resulting from the unpaired electrons in the
spZ-hybridized carbon atoms in the aromatic heterocyclic ring.[65] In
the dark, a 3-fold increase in the EPR signal intensity was obtained for
CN-PTh-Br(0.5) compared with CN. This result illustrated that with the
incorporation of PTh-Br into the carbon nitride frameworks, the =
electrons in the D-A structured CN-PTh-Br(0.5) were redistributed,
which resulted in more intensive delocalization that might inhibit the
recombination of carriers. The EPR measurements validated the PL
studies, in which we observed an efficient separation of the charge.[66]

In addition, the EPR was measured to further determine the existence
of reactive oxygen species in the photodegradation process using DMPO
as the scavenging agent. From Fig. 11b, in the system containing CN or
CN-PTh-Br(0.5) under visible-light, the characteristic signals of DMPO-
03 were detected, which were not present in the dark, suggesting that
DMPO-e0; exists in the heterogeneous photocatalytic systems of CN or
CN-PTh-Br(0.5). For both CN and CN-PTh-Br(0.5), the longer the visible-
light irradiation time, the stronger the DMPO--O3 signal intensity, and
CN-PTh-Br(0.5) displays a stronger intensity for the same light irradia-
tion time. Since the DMPO--O5 signal intensity is proportional to the
concentration of unpaired electrons, it indicates that the stronger signal
intensity is more conducive to the generation of -O3 in the photo-
catalytic reaction, i.e., the PTh-Br-modified photocatalysts can generate

Fig. 10. The photodegradation of MBT (20 mg/L) over CN-PTh-Br(0.5) with
the existence of different scavengers.
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photoelectrons more efficiently. The results of EPR are congruent with
the active species quenching experiment.

3.5. DFT calculations and possible photocatalytic mechanism

To further reveal the relationship between the enhanced photo-
catalytic performance and the D-A structure, the electronic band struc-
tures of CN and CN-PTh-Br(0.5) were calculated by DFT. The spatial
distribution of charge density over the HOMO and LUMO is shown in
Fig. 12. For the CN, the HOMO is located on the N atoms of the exocyclic
ring of the heptazine ring, and the LUMO is located on the C atoms of the
exocyclic ring of the heptazine ring and on the N atom of the ring center.
[67] It can be inferred that the high symmetry of the planar structure in
CN leads to a uniform distribution of HOMO and LUMO, which reduces
the electron-hole separation. While the electron cloud of the modified
CN-PTh-Br(0.5) underwent redistribution, the HOMO was mainly
concentrated on the PTh-Br segment, while the LUMO was mainly
concentrated on the heptazine rings connected to PTh-Br, which might
be related to the fact that PTh-Br is an electron-rich group. The HOMO
and LUMO of CN-PTh-Br(0.5) were separated on different areas, which
verified that the newly formed D-A structures effectively separated the
photogenerated electrons and holes.[59] Therefore, the PTh-Br in CN-
PTh-Br(0.5) can be served as an electron donor based on the electron-
donating nature of HOMO.[68] Moreover, compared to CN, the
HOMO and LUMO distribution in CN-PTh-Br(0.5) is more dispersed,
which is more conducive to the spatial separation of charge carriers.
Intramolecular electron transfer occurs when electrons on the HOMO
energy level of the donor segment are excited by visible-light and driven
to the LUMO energy level of the acceptor segment, whereas the holes
remain on the HOMO energy level of the donor segment. As shown in
Fig. S4 and Table S3, the charge analysis indicates that the PTh-Br
segment (electron donor) tends to provide electrons to heptazine rings
(electron acceptor) in CN-PTh-Br(0.5), resulting in a transfer charge of
0.195 e. In addition, the introduction of PTh-Br into the carbon nitride
skeleton leads to a shift in the HOMO energy level from —6.30 to —5.81
eV, and the LUMO energy level from —2.40 to —2.48 eV, causing a
decrease of the energy gap by 0.57 eV, which well match to the result of
UV-vis DRS (Fig. 5). The addition of conjugated PTh-Br reduced the
LUMO energy level of CN-PTh-Br(0.5) by 0.08 eV compared to CN,
indicating that the introduction of the electron donor had little effect on
the LUMO energy level and did not inhibit the formation of the active
species. Therefore, the D-A structured CN-PTh-Br(0.5) composed of
electron donor PTh-Br and electron acceptor heptazine rings leads to the
spatial separation of electron-hole pairs and the enhancement of pho-
tocatalytic performance. From Fig. S5, the surface electrostatic potential
(ESP) distribution reveals that the electrons in the CN-PTh-Br(0.5) are
redistributed after the grafting of PTh-Br. Specifically, owing to the
electron donor property of PTh-Br, a small number of electrons is
distributed in the PTh-Br segment, while the heptazine ring segment
carries more electrons.[68] In addition, CN-PTh-Br(0.5) has a larger
dipole moment (~ 2.71 D) than CN (~ 1.77 D), indicating that it can
promote charge separation and transfer. These results support the notion
that the PTh-Br structure in CN-PTh-Br(0.5) can be used as an electron
donor to promote photocatalytic degradation of pollutants.

Based on all experimental results and DFT calculations, a probable
mechanism of CN-PTh-Br(0.5) photocatalytic activity enhancement was
proposed in Scheme. 1. As a strong electron donor, polythiophene has an
extensive n-conjugated framework, which can facilitate electron-hole
pairs separation and inhibit photogenerated charge carriers recombi-
nation. Under visible-light irradiation, CN-PTh-Br(0.5) produced pho-
togenerated electrons and holes, whereas the n-electrons in the
polythiophene donor tended to be transferred intramolecular to the
heptazine ring in the carbon nitride acceptor via the C-N bond due to the
presence of the D-A structure in CN-PTh-Br(0.5). Furthermore, the holes
of carbon nitride acceptor can transfer to polythiophene donor and
effectively restrain the electron-hole pairs recombination. Meanwhile,
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the electrons will also competitively transfer to Br atoms caused by their
own electronegative nature. The CB potential of CN-PTh-Br(0.5) (-0.66
V vs. NHE) is more negative than the redox potential of the oxygen/
superoxide (0y/-03) couple, which is —0.33 V vs. NHE, suggesting that
the electrons on CB could react with O to form -O3. Indeed, introducing
PTh-Br to the CN-PTh-Br(0.5) backbone decreases the CB potential of
the photocatalyst, and expedites the electron transfer from CB to oxygen
molecules to format -O3. In addition, the VB potential of CN-PTh-Br(0.5)
(+1.62 V vs. NHE) is too low to oxidize OH™ to -OH, but the holes on VB
can oxidize organic pollutants directly.

4. Conclusions

In summary, a series of D-A structured CN-PTh-Br(x) photocatalysts
based on polythiophene donors and carbon nitride acceptors using PTh-
Br and DCD as precursors have been prepared by thermal copolymeri-
zation for the first time. Under visible-light irradiation, CN-PTh-Br(0.5)
had the best photocatalytic performance and removed 99.8% of MBT in
45 min. The high photocatalytic activity of CN-PTh-Br(0.5) can be
attributed to two reasons. Firstly, enhanced visible-light capture and
utilization due to the long-chain nature of the conjugated polymer PTh-
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MBT  Degradation products

Scheme 1. Photocatalytic Degradation Mechanism over CN-PTh-Br(0.5) under Sunlight Irradiation.

Br. Secondly, the intramolecular charge transfer, formed by the intro-
duction of electron-rich thiophene groups with negatively charged Br
atoms, enables force-directed migration of electrons from thiophene
segment (donor) to carbon nitride segment (acceptor) in CN-PTh-Br
(0.5), which can improve the separation efficiency of electron-hole
pairs and reduce the recombination of photogenerated charge carriers.
Base on EPR and free radicals quenching experiments, it has been
deduced that -O3 serves as the primary oxidizing species. In addition,
CN-PTh-Br(0.5) shows sufficient reusability. Our research may offer a
fresh approach to design composite photocatalysts with high photo-
catalytic activity.
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