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� A metal-free self-assembled covalent
organic framework (TpMa)/ g-C3N4

(CN) heterojunction was prepared via
p-p interaction.

� A built-in electric field was formed at
the interface of TpMa and CN.

� The introduction of donor–acceptor
conjugated TpMa leads to the
enlarged visible-light absorption of
CN.

� TpMa/CN shows enhanced
photocatalytic activity under visible-
light irradiation.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 31 August 2021
Revised 30 September 2021
Accepted 8 October 2021
Available online 12 October 2021

Keywords:
Graphitic carbon nitride
Covalent organic framework
Photocatalysis
Electric field
Self-assembling
a b s t r a c t

Organic semiconductors have been recognized as a new generation of photocatalysts for pollutants
degradation and energy production. Herein, organic heterojunction (TpMa/CN) consisting of carbon
nitride and b-ketoenamine-based covalent organic framework is fabricated via a controllable self-
assembly approach. The as-prepared TpMa/CN heterojunctions show enlarged visible-light absorption.
The optimum TpMa/CN-5 photocatalyst achieves the highest photocatalytic activity towards tetracycline
degradation, and its photocatalytic degradation rate is improved by 2.3 and 4.3 times than TpMa and CN,
respectively. As a multifunctional photocatalyst, TpMa/CN-5 sample also shows remarkable photocat-
alytic activity for hydrogen peroxide production (880.494 lM h�1), which is 49 times higher than that
of CN. Experimental and theoretical investigations indicate that a built-in electric field is formed at the
interface of composite, which enables an accelerated charge transfer and separation. This work develops
an effective strategy to design difunctional photocatalyst and deciphers the electronic properties and
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mechanisms of g-C3N4-based organic photocatalysts, which spurs further interests for organic hetero-
junction photocatalysts in the future.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

With the rapid industrialization and urbanization, energy short-
age and environmental pollution are of great concern over the
years. Photocatalysis converts abundant and inexhaustible solar
energy into valuable chemicals and fuels, representinfvg an opera-
tive and scalable technology [1–3]. Organic photocatalysts, espe-
cially conjugated polymers, owning properties of metal-free,
processability and tunability, have been regarded as a new comple-
ment to inorganic semiconductor photocatalysts [4–7]. Among the
fascinating conjugated polymers, polymer carbon nitride (CN), fea-
tured by low cost, high stability and suitable band gap structure, is
the most investigated visible-light-responsive organic photocata-
lyst [8–11]. However, potential shortcomings and obstacles of pris-
tine g-C3N4 hinder the development, including low electrical
conductivity, high recombination rate of charge carriers and lim-
ited visible light adsorption (ca. 460 nm) [12]. Several strategies
have been explored to make up for the defects, such as copolymer-
ization [13], element doping [14] and heterojunction construction
[15]. Among them, great efforts have been made in developing g-
C3N4-based heterostructure photocatalysts with promoted charge
separation and extended visible-light absorption for improved
photocatalytic activity [16]. Especially, designing g-C3N4-based
heterojunction with donor–acceptor (D-A) conjugated polymers
holds great promise [17]. The formation of intramolecular charge
transfer (ICT) in D-A structure from donor to acceptor units leads
to the enhanced visible-light absorption and endows the adjust-
ment of energy levels.

Covalent organic frameworks (COFs), as a newly developed
crystalline organic polymer, show tremendous potential on photo-
catalysis [18–19]. COFs synthesized from molecular building
blocks endow them with chemical tunability to realize the design
of targeted porous structures and special properties related to pho-
tocatalytic reactions such as light-harvesting capability, electron-
hole separation and transfer. And the large surface area ensures
the accessible catalytic sites. Moreover, the extended p-
conjugated structures in COFs could accelerate charge carrier sep-
aration along in-plane and out-plane stacking direction. Since the
pioneering study of Lotsch and co-workers that reported a
hydrazine-based TFPT-COF with high photocatalytic hydrogen evo-
lution efficiency [20], the research of COF-based photocatalysts
have been developed [21–22]. However, the starting materials of
COFs usually cost high and need complex synthesis, which greatly
hampers their large-scale application. Constructing heterojunc-
tions based on COFs and economical CN could be an effective
method. Yan et al. synthesized a COF-modified g-C3N4 with imine
linkage which showed a higher photocatalytic H2 evolution rate
owing to the accelerated photoinduced charge carriers separation
and migration originated from the difference band levels of g-
C3N4 and COF as well as the transfer route along the imine linkage
[23]. Hou et al. constructed several CuPor-Ph-COF/g-C3N4 photo-
catalysts by a facile liquid-assisted grinding method. CuPor-Ph-
COF/g-C3N4 composites showed enhanced degradation efficiency
of rhodamine B under visible light resulting from the improved
photogenerated charge separation [24]. While most of the recent
studies focus on the photocatalytic activities of the COF-based pho-
tocatalysts, the investigation of the internal essence on the interfa-
cial charge transfer in COFs/g-C3N4 heterojunction, especially for
the microscopic charge behavior, is limited.
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Herein, the donor–acceptor conjugated COF (TpMa), based on 1,
3, 5-triformylphloroglucinol (Tp) aldehyde and melamine (Ma), is
selected to combine with g-C3N4 to fabricate a type II heterojunc-
tion (TpMa/CN) for improved photocatalytic performance. With
the existence of the p-p interactions, TpMa could be introduced
into g-C3N4 via self-assembly [25], and an effective interfacial elec-
tron transfer channel could be built driven by the internal electric
field. Specifically, electron-donor b-ketoenamine and electron-
acceptor triazine units in TpMa COF can cause intramolecular
charge transfer, thereby facilitating excitons separation. And TpMa
keeps stable under light irradiation considering the existence of
the irreversible b-ketoenamine formation [26]. Previous study
demonstrated that TpMa with C3N4 constituent shows potential
visible-light photocatalytic activity [27]. As expected, the resulting
TpMa/CN shows extended light absorption and inhibited recombi-
nation rate of photogenerated charge carrier. For photocatalytic
applications, enhanced photocatalytic tetracycline (TC) degrada-
tion and hydrogen peroxide (H2O2) production are realized. Fur-
thermore, photoelectrochemical experiments and density
functional theory (DFT) calculations are applied to better under-
stand the photocatalytic mechanism of TpMa/CN heterostructures.
This study comprehensively deciphers the underlying mecha-
nisms, including the electronic properties and photocatalytic
behavior, of the polymer heterojunction photocatalysts, which will
provide new inspiration in designing highly efficient organic
photocatalysts.
2. Experimental section

2.1. Synthesis

TpMa was synthesized via a solvothermal process according to
the previous report [28]. Generally, 0.3 mmol 1, 3, 5-
triformylphloroglucinol (Tp) and 0.3 mmol Melamine (Ma) were
added in the solvent of N, N-dimethylacetamide (DMAc) and
dimethyl sulfoxide (DMSO) (2:1, v: v) with a certain amount of
aqueous acetic acid. The mixture was ultrasonicated to disperse
homogeneously, and degassed through three successive freeze–
pumpthaw cycles. Then, the mixture was heated at 120 �C for
3 days with the tube sealed. The obtained yellow products were fil-
tered out and washed with excess DMAc and water. Finally, the
resulting TpMa was dried in a vacuum oven.

Raw g-C3N4 (CN) was prepared through a traditional calcination
method [29]. In a typical synthesis, 8 g of Ma was placed in a cov-
ered crucible and kept at 550 �C for 4 h with a heating rate of 2.3 �-
C min�1. The resulting yellow product was grinded, washed, and
then dried.

The TpMa/CN photocatalysts were prepared by an in-situ self-
assembly method based on p-p interaction. First, the as-prepared
CN was dispersed into DMSO, and ultrasonicated for 2 h to form
dispersive CN solution. Then, a given mass of TpMa was added
and continued to ultrasonic for another 2 h. Subsequently, the mix-
ture was stirred for 24 h under room temperature to strengthen
the interaction. The products were filtered out and washed with
water and ethyl alcohol, and then dried in vacuum oven at 80 �C.
CN photocatalyst with different TpMa content was designated as
TpMa/CN-X, in which ‘‘X%” represented the mass percentage of
TpMa to CN (X = 1, 5, 10, 15, 25).



H. Wang, E. Almatrafi, Z. Wang et al. Journal of Colloid and Interface Science 608 (2022) 1051–1063
2.2. Photocatalytic degradation experiments

In general, a model contaminant tetracycline (TC) was chosen,
and a light source of a 300 W Xe lamp (CEL-HXF300, Ceaulight,
k > 420 nm) was used in all experiments. Photocatalyst (50 mg)
was added in TC aqueous solution (50 mL, 20 mg L�1) with ultra-
sonic dispersion. Then adsorption–desorption equilibrium experi-
ment was conducted by stirring the resulting mixture in the dark
for 60 min before irradiation. After that, the mixture was put under
the light source. At a given time, sample was collected for analyses.
As for the stability analysis, the remaining solution was cen-
trifuged, and the products were gathered, washed and dried for
further cycle experiment. The UV–vis spectrophotometer was
employed to detect the concentration of TC at the characteristic
absorption wavelength of 357 nm. The total organic carbon (TOC)
was record by a TOC analyzer (Analytikjena multi N/C 2100).

2.3. Photocatalytic H2O2 production test

The photocatalytic H2O2 production test was performed by add-
ing each photocatalyst (25 mg) in the IPA (5 mL) and deionized
water (45 mL) mixture in which IPA acted as the electron and pro-
ton donor. Adsorption-desorption equilibrium experiment was
conducted before irradiation. The mixture was first dispersed by
ultrasonic for several minutes and stirred with O2 bubbling in
the dark for 60 min. Then, the mixture was exposed to the light
source. At a given time, a certain amount of solution was collected
and filtrated. Iodometry was employed to detect the amount of
H2O2 [30]. Typically, potassium hydrogen phthalate aqueous solu-
tion (C8H5KO4, 0.1 M, 1 mL) and potassium iodide aqueous solution
(KI, 0.4 M, 1 mL) were added into the resulting solution in
sequence, and stood for 30 min. The concentration of I3- was then
analyzed by UV-2700 spectrophotometer with an absorbance peak
at 350 nm�H2O2 molecules could react with I- to generate I3- under
acidic condition, thereby obtaining the amount of H2O2.

3. Results and discussion

3.1. Photocatalysts characterization

The synthetic process of TpMa/CN is illustrated in Scheme 1. CN
was obtained from traditional calcination method, which pre-
sented an aggregated crystal stacking layer with smooth surface,
as shown in Fig. 1a and Fig. 1d. The TpMa was prepared under
solvothermal conditions. The resulted TpMa exhibited a fibrous
nanobelt morphology with a diameter of about 116.1 nm
(Fig. 1b, Fig. 1e, and Fig. S1). The stacking layered CN was under
a DMSO assisted ultrasonication to obtain few-layer CN
nanosheets, and then added TpMa. With self-assembly via p-p
interaction [31], TpMa was found to adhere to the surface of CN,
which was verified by the SEM and TEM characterization (Fig. 1c
and Fig. 1f). The as-prepared heterojunctions well-preserved each
original structure and further established a good interfacial con-
tact, which was beneficial to the construction of built-in electric
field.

The crystal structures of samples were determined by XRD anal-
yses. As depicted in Fig. S2a, CN and TpMa exhibit a similar charac-
teristic peak at around 2h = 27.5�, which can be assigned to the
representative (002) planes, corresponding to the interlayer stack-
ing of conjugated aromatic planes. Distinctively, the CN features by
the characteristic peak at 13.1�, indicating the existence of
repeated in-plane heptazine units, while the TpMa displays a char-
acteristic peak of 9.7�, originating from the repetition of triazine
units [28,32]. As compared with CN, similar diffraction patterns
of TpMa/CN heterojunctions suggest that coupling with TpMa does
not change the main structure of CN. However, slight decrease of
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diffraction peak at 27.5� is observed after coupling with an increas-
ing amount of TpMa, which can be ascribed to their interaction. No
obvious diffraction peaks of TpMa can be observed in the hybrids.
Two crucial aspects should be taken into accounts: (i) TpMa and
CN both have diffraction peak around 27.5� and the inherently
weaker diffraction peak of TpMa would be covered up, and (ii)
the amount of TpMa was a little as compared to CN. The FTIR spec-
troscopy was also utilized to analyze the structure of samples
(Fig. S2b and Fig. S3). Similar framework was found in the samples.
The peak at 807 cm�1 is corresponding to the out-of-plane bending
mode of tri-s-triazine-based structure, and the peaks located at
1200 � 1700 cm�1 are ascribed to the typical CAN heterocycles
[33]. No distinct peaks of CN alter, further implying the main struc-
ture of CN and the small amount of TpMa on the samples.

Meanwhile, XPS was further used to analyze the surface infor-
mation of the samples. The total survey XPS spectra of CN, TpMa
and TpMa/CN-5 in Fig. 2a displays the signal of C, N and O ele-
ments, which is corresponding well to the peaks at around
288 eV, 398 eV and 531 eV, respectively [34]. The C/N and O/N
atom ratios for CN, TpMa and TpMa/CN-5 were also listed in
Table S1b. Noted that a slight increase of C/N and O/N atom ratios
is observed in the XPS spectra of TpMa/CN-5, which is in good
agreement with element analysis (Table S1a) and further proves
the successful construction of the heterojunction. Besides, the high
resolution XPS spectra of CN, TpMa and TpMa/CN-5 are respec-
tively displayed in Fig. 2b-d and Fig. S4. As shown in Fig. 2b, the
CN exhibits peaks at 289.1 eV, 288.1 eV, 286.8 eV, and 284.8 eV,
which can be ascribed to CAO, N@CAN, CAH and CAC. As com-
pared to CN, the binding energies of these four C-related peaks
exhibit a negative shift indicating an electron rearrangement after
hybridization. Notably, a new peak at 286.6 eV is observed, which
is assigned to C@O bond originated from TpMa [35]. The character-
istic peak of C@O in TpMa/CN-5 shows a negative shift as com-
pared to that in TpMa, which demonstrates an electron transfer
between TpMa and CN. The high-resolution N1s was also analyzed.
Both the spectrum of CN and TpMa/CN-5 could be deconvoluted
into three N species, which are centered at 400.9 � 400.8 eV,
399.8 � 399.9 eV, and 398.6 � 398.7 eV, correlated with the termi-
nal CANAH amino functions, the inner atoms bonded with the N-
(C)3, and the sp2-bonded nitrogen in s-triazine ring (C@N-C),
respectively [15]. In reverse to the C 1 s spectra, the N-related
peaks exhibit a slight positive shift in TpMa/CN-5 as compared that
of CN, implying the decrease of electron density. As shown in the
high-resolution O1s (Fig. 2d), the peaks at around 533.3 eV,
532.4 eV, and 531.5 eV could be ascribed to inevitable O doping
during the thermal polymerization process in air [36–37]. As for
the additional peak at 530.3 eV in TpMa/CN-5, it corresponded to
the C@O group on TpMa. These results further confirmed the suc-
cessful synthesis of TpMa/CN heterostructure.

In addition, the specific surface area of photocatalysts has a
great influence on their performance considering the active cen-
ters. N2 adsorption–desorption measurements were further
employed to analyze the surface area of CN and TpMa/CN-5. As
shown in Fig. 3a, Fig. S5 and Table S2, the CN, TpMa and TpMa/
CN-5 are mesoporous materials as proved by a type IV isotherm
with an H1 type hysteresis loop, and the BET surface area is deter-
mined to be 11.90, 106.1 and 15.45 m2 g�1, respectively. A slight
increase of the BET surface area of TpMa/CN-5 as compared to
CN demonstrates that more adsorbent active sites can be provided.
The pore size of TpMa/CN-5 (27.19 nm) is smaller than that of CN
(31.80 nm), which could be ascribed to the in-suit stacked TpMa
that overlay partial surface of CN. Thermogravimetric analysis
(TGA) under N2 atmosphere shows the thermal stability of TpMa/
CN up to 400 �C (Fig. S6).

The light absorption property of the samples was then investi-
gated by UV–vis DRS and depicted in Fig. 3b. The CN exhibits a lim-



Scheme 1. Process of the synthesis of TpMa/g-C3N4 (TpMa/CN) heterojunctions.

Fig. 1. SEM and TEM images of CN (a, d), TpMa (b, e), and TpMa/CN-25 (c, f).
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ited light absorption of around 460–470 nm, whereas the TpMa
presents an enlarged visible light absorption (k﹥650 nm) due to
the D-A conjugated skeleton, which has an ICT from D to A and
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causes a broaden absorption spectrum range [38]. The absorption
edge of TpMa/CN heterojunctions, though has a blue-shift as com-
pared to TpMa, is larger than that of CN. The strengthened optical



Fig. 2. XPS spectra for (a) total survey, (b) C 1 s, (c) N 1 s and (d) O 1 s of CN and TpMa/CN-5 samples.

Fig. 3. (a) N2 adsorption–desorption isotherms and the pore size distribution curves (insert) for CN and TpMa/CN-5; (b) UV–vis DRS for CN, TpMa, TpMa/CN-1, TpMa/CN-5,
and TpMa/CN-10; Mott–Schottky plots (c), the Tauc plots (d), XPS valence band spectra (e) and band structure diagrams (f) for CN and TpMa/CN-5.
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adsorption of the samples demonstrated the successful synthesis
of TpMa/CN heterostructures with improved visible light absorp-
1055
tion. Additionally, the electronic energy level of CN and TpMa
was analyzed by Mott-Schottky (MS) measurements and valence
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band (VB) XPS spectra. As depicted in Fig. 3c, CN and TpMa are both
n-type semiconductor, and the flat-band potential (Ufb) of CN and
TpMa is determined to be �0.71 and �0.74 V versus NHE, respec-
tively. Notably, the conduction band (CB) of n-type semiconductors
is about 0–0.2 V deeper than Ufb. The energy band edge (Eg) of
CN and TpMa was determined by the Kubellka-Munk equation
(Eq. (1)):

ahv ¼ Aðhv � EgÞn=2 ð1Þ
where A is a constant; a, h, and m represent the absorption coef-

ficient, light frequency and Planck’s constant, respectively. The
value of n is based on the electronic transition type of semiconduc-
tors. Thus, n = 1 for indirect transition of CN while n = 4 for direct
transition of TpMa [13,35]. The band gap of CN and TpMa is calcu-
lated to be 2.47 and 2.32 eV, respectively (Fig. 3d). The TpMa pos-
sesses a narrower band gap than CN due to the photoelectron shift
platform based on the conjugated system of TpMa [27]. The VB
positions of CN and TpMa were further investigated through the
VB XPS technique, which are found to be 1.92 and 1.72 eV, respec-
tively, as shown in Fig. 3e. In general, the electronic energy level
structure of CN and TpMa was depicted in Fig. 3f, where the CB
potential of CN and TpMa is determined to be –0.55 and –0.6 eV
based on the equation (Eq. (2)), which are in accordance with the
MS measurements:
Fig. 4. (a) Transient photocurrent response curves, (b) EIS Nyquist plots and (c) Bode pha
spectra of CN and TpMa/CN-5.
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ECB ¼ EVB � Eg ð2Þ
where Eg, ECB and EVB represent the band gap energy, CB potential
and VB potential, respectively.

It was well-understood that the separation and migration of
photogenerated carriers played crucial roles in photocatalysis
[39–40]. Herein, transient photocurrent response curves as well
as electrochemical impedance spectroscopy (EIS) were conducted
to analyze the interfacial charge transfer behaviors. As shown in
Fig. 4a, the lowest current density is found in the CN sample, which
could be ascribed to the rapid photo-generated electron-hole
recombination. As compared with CN, higher current density is
presented in the TpMa sample, while the highest current density
is achieved in the TpMa/CN-5 due to the interfacial charge transfer
between TpMa and CN. Additionally, Fig. 4b shows the EIS analysis
of CN, TpMa and TpMa/CN-5, where TpMa/CN-5 with a smaller arc
radius indicates a reduced charge transfer resistance and an accel-
erated charge transfer rate. Furthermore, Fig. 4c shows the bode
phase spectra of the samples, a slightly lower frequency of TpMa/
CN-5 is observed as compared to that of CN, implying an enhanced
charge transfer process. In order to specify the charge behavior
within photocatalysts, the photoluminescence tests were con-
ducted. As exhibited in Fig. S7, TpMa/CN-5 photocatalyst presents
a lower fluorescence intensity than CN, demonstrating the dis-
se spectra of CN, TpMa and TpMa/CN-5. (d) Time-resolved photoluminescence decay



H. Wang, E. Almatrafi, Z. Wang et al. Journal of Colloid and Interface Science 608 (2022) 1051–1063
tinctly reduced population of excitons. Time-resolved photolumi-
nescence decay spectra was further performed to verify the above
viewpoint and displayed in Fig. 4d. The average fluorescence life-
times of CN and TpMa/CN-5 were 6.06 and 6.78 ns, respectively.
It can be inferred that TpMa/CN-5 can profit from TpMa, enabling
the rapid charge carrier transfer and thereby inhibiting the recom-
bination [41–42].

3.2. Photocatalytic activity

As a proof-of-concept application, TpMa/CN heterojunctions
were first used as photocatalysts for TC degradation. Adsorption-
desorption equilibrium experiments were conducted before
visible-light irradiation (Fig. S8), and then the samples were
exposed to visible light irradiation. As presented in Fig. 5a-b, neg-
ligible photolysis of TC is observed without photocatalysts under
60 min visible-light irradiation, and only 31% and 60% of TC can
be photodegraded by CN and TpMa, respectively. Delightfully,
TpMa/CN heterojunctions show enhanced photocatalytic decom-
position efficiency as compared to CN and TpMa. Among them,
TpMa/CN-5 displays the highest photocatalytic degradation effi-
ciency (82%). The increased photocatalytic performance may be
ascribed to the existence of built-in electronic field at the interface
of CN and TpMa, which could promote the photoinduced carrier
Fig. 5. (a) Time-dependent photocatalytic degradation, (b) degradation efficiencies, an
measurement over TpMa/CN-5 photocatalyst.
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transport, reduce the charge carrier recombination rate. Neverthe-
less, the photocatalytic degradation efficiency of TC is decreased as
the increase of the mass ratio of TpMa from 5% to 25%. The mass
agglomeration of TpMa would weaken the crystal structure of CN
as evidenced by XRD characterization above (Fig. S2a), and exces-
sive TpMa may cause depressed light harvesting and cover the
active spots of CN. In addition, the value of the apparent rate con-
stant (k) for TC degradation was calculated via the simulated
pseudo-first-order kinetic model based on the photodegradation
experimental data. As displayed in Fig. 5c, the k value of TpMa/
CN-5 is 0.02620, which is ca. 2.3 and 4.3 times higher than that
of TpMa and CN, respectively. In addition, the comparison for TC
degradation with other metal-free g-C3N4-based heterojunction
photocatalysts is provided in Table S3, and TpMa/CN-5 exhibits
excellent or tolerable activity evaluated by the reaction time, TC
removal and rate constant. Thus, the successful introduction of
TpMa is able to improve the photoactivity of CN, which could be
ascribed to the accelerated photogenerated charge transfer and
separation at the interface of TpMa and CN.

The total organic carbon (TOC) analysis was further used to
evaluate the mineralization ability of TpMa/CN-5. As depicted in
Fig. S10, the mineralization efficiency of TC reaches 34.5% within
120 min visible light irradiation, which is higher than that of CN.
The incorporation of TpMa and CN could promote the mineraliza-
d (c) corresponding apparent rate constants over different samples; (d) Cycling
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tion process of TC to small intermediates, CO2 and H2O. Besides, the
cycling experiments were conducted to reveal the recyclability and
physicochemical stability of the TpMa/CN-5 in the TC photocat-
alytic degradation. As shown in Fig. 5, the activity of TpMa/CN-5
displays a slightly decrease while 73% degradation efficiency
well-retained after four cycles. Moreover, the XRD and FTIR spectra
of TpMa/CN-5 before and after irradiation are presented in Fig. S11,
no clear change is found, indicating the retainment of the crystal
and phase structures. The above results demonstrate that TpMa/
CN-5 is stable in the photocatalytic TC degradation.

To better understand the reaction mechanism and main active
species produced in the process of photocatalytic degradation,
radical-trapping experiments and ESR analysis were studied.
EDTA-2Na, IPA and TEMPOL were used as the quenchers of h+,
�OH and �O2

–, respectively. As depicted in Fig. 6a-b, the degradation
efficiency of TC reduces from 82% to 32% in the presence of TEM-
POL, while it decreases from 82% to 65% and to 72% after the addi-
tion of EDTA-2Na and IPA, respectively. Thus, �O2

– is the major
reactive specie in the photocatalytic reaction of TpMa/CN, while
h+ and �OH have a slightly positive contribution to the degradation
process. ESR analysis was further employed to recognize the active
species generated in the photocatalytic process. Herein, DMPO was
employed as a spin probe of �OH and �O2

– in water and methanol,
Fig. 6. Photocatalytic degradation curves (a) and degradation efficiencies (b) of TC over T
(c) and DMPO-�O2

– adduct (d) over CN and TpMa/CN-5 systems under visible light irrad
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respectively, and the results are depicted in Fig. 6c-d and Fig. S12.
Obviously, no ESR signals can be detected in the dark both for CN
and TpMa/CN-5. In contrast, distinct characteristic signals are
observed upon visible light irradiation, and the TpMa/CN-5 photo-
catalyst shows a stronger signal than CN, indicating the increased
generation of �O2

–. Similarly, the trend of DPMO-�OH signal is con-
sistent with �O2

–. However, considering the standard redox poten-
tial of OH–/�OH (1.99 eV) or H2O/�OH (2.37 eV) [43–44], the
more negative VB potential of CN (1.92 eV) and TpMa (1.72 eV)
demonstrates that the sample cannot oxidize OH– or H2O to �OH
under the visible light irradiation. Thus, �OH may obtain from
the reduction of �O2

– (�O2
– + e- + 2H+ ? H2O2, H2O2 + e- ? OH– +

�OH). Then, NBT transformation experiments were further per-
formed to evaluate the amount of superoxide radicals generated
in the photocatalytic process. The intensity of NBT characteristic
absorption peak (260 nm) significantly decreases in the CN and
TpMa/CN-5 samples as time prolongs, implying that �O2

– acts as
the major reactive species to participate in the photocatalytic reac-
tion (Fig. 7a-b). As shown in Fig. 7c, TpMa/CN-5 presents the higher
degradation efficiency for NBT and the related k value is about 6.5
times higher than that of CN, resulting from an enhanced �O2

– pro-
duction. Accordingly, the average �O2

– generation rates of TpMa/
CN-5 and CN are calculated to be 0.64 and 0.13 lmol L-1 min�1,
pMa/CN-5 photocatalyst with different quenchers. ESR signals of DMPO-�OH adduct
iation.



Fig. 7. Absorption curve for NBT solution over (a) CN and (b) TpMa/CN-5 system under visible light irradiation; (c) photodegradation of NBT over the samples and the
corresponding pseudo first-order kinetic fitting curves (insert); (d) Time-dependent amount of �O2

–.
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respectively (Fig. 7d). These results further verified that TpMa/CN-
5 presents an improved photocatalytic activity in �O2

– formation.
In addition, the as-prepared TpMa/CN heterojunction is also

competent to produce H2O2, which is an important clean industrial
chemical and hydrogen source. As displayed in Fig. 8a, negligible
production of H2O2 is observed in the existence of CN photocata-
lysts, indicating the poor photocatalytic activity of CN for H2O2

production. As expected, the TpMa/CN heterojunctions show
enhanced H2O2 production, which is largely dependent on the
dosage of TpMa. The highest H2O2 production rate is achieved on
the TpMa/CN-5 (880.494 lM h�1) under visible-light irradiation,
which is about 49 folds as that of CN (17.79 lM h�1). Furthermore,
the comparison for H2O2 production with other g-C3N4-based pho-
tocatalysts is provided in Table S4, and TpMa/CN-5 exhibits
remarkable activity evaluated by reaction solution, dosage, light
source and yield. Control experiments were also conducted to con-
firm the determinants in the reaction process. As shown in Fig. 8b,
limited generation of H2O2 is observed without visible light irradi-
ation, indicating the important role of visible light. Similarly, there
is no H2O2 generation in the absence of photocatalysts, clarifying
the indispensable role of photocatalysis. Considering the possibil-
ity that the oxidation of water with photogenerated holes could
also generate H2O2, we replaced O2 with N2 and found that the
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generation of H2O2 was greatly decreased. Thus, the generation
of H2O2 more likely to be the electron reduction of O2 [45]. Notably,
though the amount of H2O2 production (556.587 lM) is reduced in
the absence of IPA, it is considerable and can compete with other
works with the addition of IPA, indicating the great potential of
photocatalytic H2O2 production without organic charge
scavengers.

3.3. DFT calculations

DFT calculations were conducted to get further understanding
of the enhanced photocatalytic activities based on the interactions
and electronic properties of TpMa/CN heterostructure. Fig. 9a
demonstrates the side view of the simulated model of TpMa/CN
heterostructure. Band structures of bulk CN and TpMa were simu-
lated via GGA-PBE exchange–correlation functional (Fig. S13). The
Fermi level indicated by dot line is set at zero. As displayed in
Fig. S13a, the conduction band minimum (CBM) of CN locates at
C point, while the valence band maximum (VBM) of CN occurs
between M and K points, indicating an indirect band gap feature
of CN, and the related band gap is 2.25 eV. In contrast to CN, TpMa
has the characteristics of the direct band gap with the CBM and
VBM lay on the M point, and the calculated band gap is 1.52 eV



Fig. 8. (a) Photocatalytic production of H2O2 under visible light irradiation over different samples; (b) Control experiments for photocatalytic production of H2O2 over TpMa/
CN-5 sample.

Fig. 9. (a) The side view and the calculated Bader charges of TpMa/CN heterostructure; (b) Total DOS and DOS for elements of TpMa/CN heterostructure; (c) DOS for orbitals
of TpMa/CN heterostructure; 3D charge density difference (d), and planar averaged charge density difference (e) of TpMa/CN heterostructure.
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(Fig. S13b). Both the computational band gap of CN and TpMa
underestimate the experimental results (2.47 eV and 2.32 eV,
respectively), which could be ascribed to the inherent lack of
derivative discontinuity and delocalization error [46].
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Moreover, the density of states (DOS) of CN, TpMa and TpMa/CN
were calculated. As shown in Fig. 9b and Fig. S14, the incorporation
of TpMa causes the downward shift of CB and results in the nar-
rower bandgaps compared to the pristine CN, indicating that it is



Scheme 2. Schematic illustration of photocatalytic mechanism for TpMa/CN composite under visible light irradiation.
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easier to transfer electrons from the VB to the CB under light irra-
diation. The corresponding DOS for orbitals is demonstrated in
Fig. 9c and Fig. S14c-d. N p-orbitals constitute the VB of pristine
CN, while p-orbitals of C and N make up the CB. After the introduc-
tion of TpMa, apart from N p-orbitals, additional O p-orbitals are
found to participate the VB composition, which is originated from
the electron-donor units in TpMa.

The 3D charge density difference was further analyzed to
uncover the charge transfer and redistribution at the interface of
TpMa and CN, based on the follow definition:

Dq ¼ qTpMa=CN� qTpMa� qCN ð3Þ
where qTpMa/CN, qTpMa, and qCN represents the charge den-

sities of the composite, in the same configuration, respectively. The
results are described in Fig. 9d, and the charge accumulation and
depletion are reflected by the yellow region and the green region,
respectively. Obviously, both TpMa and CN undergo charge redis-
tribution at the interface. The planar averaged charge density dif-
ference along the Z axis of the TpMa/CN heterostructure (Fig. 9e)
directly reveals that the interfacial electron transfer occurs from
CN layer to TpMa layer. Especially, the oxygen atoms within Tp
play important role to act as the transfer sites. Therefore, a built-
in electric field with the direction from the CN surface to the TpMa
surface is formed, compelling the swift separation of photo-
induced carriers. Additionally, the effective net charge transfer
between TpMa and CN was investigated based on the Bader
method. As a result, there are 0.014 electron transfers from CN to
TpMa (Table S5).

3.4. Photocatalytic mechanisms

Based on the above analysis, a possible mechanism of the
enhanced photocatalytic performance for the TpMa/CN hetero-
1061
junction is put forward (Scheme 2). Before contact, the band edge
position of TpMa and CN are different. The CB and VB position of
TpMa are more negative than that of CN. Once TpMa and CN are
brought together in contact, the type II heterojunctions are formed.
As demonstrated above, with the interfacial interaction, a built-in
electric field is formed and orients from the CN surface to TpMa
surface. Upon the visible-light irradiation, CN and TpMa both gen-
erate photoexcited electron-hole pairs on the corresponding CB
and VB. Driven by the built-in electric field at the interface and
the type II band structures, the photogenerated electrons of TpMa
can be rapidly transferred to the CB of CN, and then convert molec-
ular oxygen to �O2

–, considering the negative CB position (�0.55 eV
vs NHE) of CN as compared with the redox potential of O2/�O2

–

(�0.33 eV vs NHE), which could attack and oxidize TC. The left pho-
togenerated holes are accumulated on the surface of TpMa, partic-
ipating into photocatalytic reactions. Notably, as for H2O2

production, IPA trapped holes to provide hydrogen proton (H+),
thereby reacting with oxidative �O2

– to produce H2O2. Note-
worthily, driving by the built-in electric field, the photo-induced
carriers separate and migrate effectively, which enables more
electron-hole pairs participate in the photocatalytic reaction,
thereby improving the photocatalytic activity of TpMa/CN
heterostructure.
4. Conclusion

In conclusion, donor–acceptor conjugated TpMa was success-
fully self-assembled onto g-C3N4 via p-p interaction. The as-
prepared TpMa/CN heterojunctions showed enhanced photocat-
alytic activity towards TC degradation and green production of
H2O2 as compared with pristine g-C3N4. TpMa/CN-5 showed the
highest photocatalytic activity with a TC degradation of 82% and
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a H2O2 production of 880.494 lM after 60 min irradiation. Notably,
TpMa/CN-5 exhibited excellent photocatalytic performance as
compared to other representative g-C3N4-based photocatalysts
(Table S3 and Table S4) [47–48]. Experimental data and DFT calcu-
lations were comprehensively applied to uncover the reasons
including that (i) the introduction of TpMa could broaden the
visible-light absorption range of CN, which indicates more effective
utilization of sunlight; (ii) the built-in electric field at the interface
of TpMa and CN can cause redistribution of charge density and act
as the driving force to accelerate the charge carrier separation; (iii)
large amounts of active species including �O2

– and h+ are generated
to promote the photo-oxidation ability. This study demonstrates
the important role of built-in electric field for designing g-C3N4-
based heterojunction photocatalysts and stimulate new inspiration
for the utilization of organic photocatalysts for excellent perfor-
mance in environmental and energy-related applications.
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