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ABSTRACT: Combining diﬀerent semiconductor materials to construct heterojunctions is a promising method to achieve eﬃcient photocatalysis; however, it is
still a challenge to accurately construct heterojunctions through molecular
regulation. In this work, we take advantage of the remaining aldehyde groups in
a substoichiometric covalent organic framework (denoted as PTO-COF) to achieve
precise construction of covalently linked 2D/2D covalent organic nanosheets
(CONs) heterojunctions through mechanochemical methods. The ultrathin
structure of CONs endowed them with superior photoinduced charge generation
and separation. Additionally, the energy bands of two CONs materials in
heterojunctions were precisely coupled in a Z-scheme by the well-designed covalent
linkages, which lead to a 190% enhancement of photocatalytic degradation
eﬃciency for PTO/TpMa CONs heterojunctions as compared with pure COFs.
This work provides new insights for design and synthesis of innovative 2D organic
heterojunction photocatalysts.
KEYWORDS: covalent organic nanosheets, mechanochemistry, photocatalysis, heterojunction, substoichiometry
length of the organic linkers, respectively.16 For most reported
COFs, the functional groups of organic precursors are reacted
completely stoichiometrically, which means that there are no
remaining functional groups in the COFs product. It is
interesting to note that several cases of substoichiometric
synthesis of COFs have been reported by Lotsch et al.17 and
Yaghi et al.18 successively. Unreacted functional groups of
organic precursors are allowed to remain in COFs, which
opens up a new way for postsynthetic modiﬁcation of COFs17
and even constructing heterojunctions by anchoring other
materials.
The linkage unit of COFs has an important impact on the
optoelectronic properties. As the most mature linkage of
COFs, the intrinsic polarization of the imine bond leads to the
limited π-conjugation and highly anisotropic conductive
properties in the 2D-COF plane, which resulted in the limited
photoelectric properties of imine COFs.19,20 The novel
carbon−carbon double bond (CC) linkage of COFs with
high chemical stability and eﬃcient π-electron delocalization

1. INTRODUCTION
The fascinating dimension-related material properties of
ultrathin two-dimensional (2D) nanomaterials exempliﬁed by
graphene and transition metal dichalcogenides have inspired
great interest in other 2D nanomaterials.1−3 Covalent organic
nanosheets (CONs) have become a type of emerging 2D
material in recent years owing to the ample tailoring space in
atomic precision assembly which comes from the high
designability of building blocks and the diversity of linkages.4
Owing to the high exposure of active sites on their surface as
well as extended and ordered π-conjugated frameworks, CONs
have shown wide application prospects in energy storage,5,6
electronic devices,7 sensors,8,9 and photocatalysis.10 In
addition, 2D CONs have potential to be turned into scaﬀolds
with position-deﬁned anchor groups to attach chemical entities
of various kinds in the z-direction of CONs,4,11 which was not
restricted by the limited spatial size commonly present in
porous polymers, so that it is possible for CONs to construct
heterojunctions in molecular precision with other materials.
Covalent organic frameworks (COFs) are a class of
crystalline organic porous polymers that have received
extensive attention in recent years12,13 and which are formed
by the topological condensation reactions between the side
functional groups of the organic building blocks.14,15 The
topological structure of COFs is determined by the geometry
of the building blocks; more speciﬁcally, the shape and size of
the ordered pores of COFs are determined by the morph and
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Figure 1. Schematic diagram of 2D/2D TpMa/PTO CONs heterojunctions synthesis.

Ma in one pot to obtain 2D/2D PTO/TpMa CONs hybrid
materials. The HOMO position of PTO-CON and the LUMO
position of TpMa-CON were linked through covalent linkages
to construct Z-scheme heterojunctions, which were able to
eﬀectively catalyze the degradation of antibiotics in water upon
visible-light irradiation with persistent activity as well as
reliable reusability. Additionally, we have found that the
ultrathin 2D TpMa-CON exhibited improved photocatalytic
activities compared to bulk TpMa-COF, and the photocatalytic
activities of the Z-scheme PTO/TpMa CONs heterojunction
have been further improved, conﬁrming the advantage of the
ultrathin structure of CONs and the construction of the Zscheme heterojunctions.

has shown the immense potential of oleﬁn-linked COFs in
photocatalysis. A series of acrylonitrile-linked COFs derived
from 2,2′-(1,4-phenylene)diacetonitrile (PDAN) with photoactive units such as triazine,21 pyrene,22 and porphyrin23
showed excellent photocatalytic performance. In addition,
Zhang’s group has reported several types of vinylene-linked
COFs24−26 as eﬃcient photocatalysts in water-splitting and
aerobic oxidation reactions.
Mechanochemistry using ball milling is an important
chemical synthesis method, which has been widely used in
organic27,28 and materials29 synthesis ﬁelds. The mechanical
energy provided by ball milling, including shearing, compression, and grinding, can provide the required activation energy
to stimulate the chemical reaction between the reactants.30
Compared with the traditional solvothermal conditions,
additional heating and a large amount of solvent are usually
not required in ball milling, indicating that it is an
environmentally friendly green chemical synthesis technology
with low energy consumption, low pollution, and low cost. It is
worth noting that mechanical exfoliation of bulk materials is
the most classical method to fabricate ultrathin 2D materials.31
In recent years, a series of ultrathin 2D materials derived from
bulk materials such as g-C3N4,32 metal organic frameworks,33
and black phosphorus34 have been developed which exhibit
superior photocatalytic performance. Banerjee’s group has
successively conﬁrmed the feasibility of mechanochemistry in
both the preparation of COFs35−37 and exfoliation of COFs
into CONs.38 However, a one-pot mechanochemical synthesis
method for CONs has not been reported.
Hereby, we have ﬁrst designed and synthesized PTO-COF
with the bex net topology through a substoichiometric
Knoevenagel condensation of 1,3,6,8-tetrakis(p-formylphenyl)pyrene (TFPPy) with the D2h point group and 2,4,6-trimethyl1,3,5-triazine (TMT) with the C3h point group (Figure 1).
Unreacted aldehyde groups of TFPPy are distributed orderly in
the channels of PTO-COF. Subsequently, PTO-COF was ball
milled with 1,3,5-triformylphloroglucinol (Tp) and melamine
(Ma) to accomplish the exfoliation of PTO-COF and the
generation of TpMa-CON anchored by covalent linkage
between aldehyde groups in PTO CONs and amidogen in

2. EXPERIMENTAL SECTION
2.1. Synthesis of PTO-COF. A quartz tube measuring 13 × 10
mm (o.d × i.d) was charged with TFPPy (47 mg, 0.076 mmol), TMT
(9.4 mg, 0.076 mmol), potassium t-butoxide (t-BuOK) (8.5 mg, 0.076
mmol), 1,2-dichlorobenzene (o-DCB) (1 mL), and 1-butanol (nBuOH) (1 mL). The tube was sonicated for 15 min, then ﬂash frozen
at 77 K in liquid N2 bath, degassed by three freeze−pump−thaw
cycles, and ﬂame-sealed. The reaction was heated at 120 °C for 72 h
yielding a saﬀron precipitate which was isolated by centrifugation,
washed with acetone (15 mL × 3) and methanol (15 mL × 3), and
then evacuated under vacuum at 120 °C for 10 h to yield activated
PTO-COF.
2.2. Mechanochemical Synthesis of TpMa-CON in One-Pot.
Tp (0.9 mmol, 189 mg) and Ma (1.35 mmol, 170 mg) were charged
in a 50 mL zirconia grinding jar with several 7 and 5 mm diameter
zirconia balls. One milliliter of p-toluenesulfonic acid (PTSA) solution
(12 wt % in acetic acid solution) was added, whereafter the mixture
was ground at 300 rpm for 5 h. Subsequently, the grinding jar was
heated to 150 °C for 15 min and then cooled to room temperature
and continued grinding overnight. After the ball milling, the product
was transferred to hot water (50 °C), and PTSA, acetic acid, and the
residual melamine were removed in this step. The mixture was ﬁrst
centrifuged at 1000 rpm to remove the bulk materials, followed by
10 000 rpm centrifugation of the upper suspension to obtain the crude
product. The powders were then washed with acetone (15 mL × 3)
and methanol (15 mL × 3) and evacuated under vacuum at room
temperature for 10 h to obtain activated TpMa-CON in 30% isolated
yield according to the amount of Tp.
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Figure 2. (a) Comparison of the experimental PXRD pattern of PTO-COF (red pots) with the Pawley reﬁned pattern (black) and diﬀerence plot
(blue). (b) Views of the stagger stacking model of PTO-COF along the c- and a-axis direction. FT-IR spectrum (c) and 13C NMR spectrum (d) of
TFPPy, TMT, and PTO-COF, as well as the assignment of the signals. (e) SEM image of PTO-COF.
2.3. Synthesis of 2D/2D PTO/TpMa CONs. The synthetic
procedure was similar to that of TpMa-CON, except for adding 30,
90, and 270 mg of PTO-COF as the extra reactant.
PTO-CON was prepared by ball milling of PTO-COF for 2 h and
then dispersed in methanol and separated by diﬀerential centrifugation.
2.4. General Procedure for the Photocatalytic Degradation
of Antibiotics. Fifteen milligrams of photocatalysts was dispersed in
50 mL of sulfamethazine with the concentration of 10 ppm. Before
the illumination, the solution was ﬁrst stirred in the darkness for 1 h
to achieve the adsorption−desorption equilibrium. Photodegradation
was carried out under the irradiation of a 300 W xenon lamp equipped
with an optical cutoﬀ ﬁlter (λ ≥ 420 nm). A 1 mL aliquot was
extracted at certain times intervals, ﬁltered by a 0.22 μm Nylon
membrane, and then determined by HPLC.

The chemical structure of PTO-COF was then conﬁrmed.
From the Fourier transform infrared (FT-IR) spectra shown in
Figure 2c, the peaks at 1632 cm−1 should be attributed to the
trans-CC bond, indicating the formation of oleﬁn linkages of
PTO-COF. The vibration peak at 1700 cm−1 assigned to the
CO bond of aldehyde groups in TFPPy remained in the FTIR spectrum of PTO-COF, which conﬁrmed the presence of
the remaining aldehyde groups in PTO-COF. The retention of
the characteristic peak at 1520 cm−1 corresponding to the C
N stretching vibration of triazine in TMT conﬁrmed the
presence of the triazine structure in PTO-COF. The solid-state
13
C cross-polarization magic angle spinning (CP-MAS) NMR
spectrum of PTO-COF (Figure 2d) showed the retention of
the signals at ∼190, ∼147, and 140−120 ppm in that of
TFPPy, corresponding to the aldehyde carbonyl carbon and
the carbon in the 1,3,6,8 positions of pyrene and aromatic
carbon, respectively. Additionally, the triazine carbon signal at
∼170 ppm of TMT was also retained in the spectrum of PTOCOF. The above results essentially verify the chemical
structure of PTO-COF.
A rodlike morphology of PTO-COF was found in the
scanning electron microscopy (SEM) images (Figure 2e),
which could probably be due to the highly π-conjugated
pyrene units facilitating the accumulation of PTO-COF along
the Z-axis during the growth process.40 The high-resolution
transmission electron microscope (HR-TEM) image (Figure
S3) showing the d-spacing of 1.3 nm corresponds to the
diﬀraction peaks of the (110) facet in the PXRD pattern
according to Bragg’s law (nλ = 2d sin θ), which conﬁrmed the
crystallite of PTO-COF. A nitrogen adsorption experiment at
77 K was carried out to investigate the permanent porosity of
PTO-COF (Figure S4). PTO-COF showed a typical type-IV
isotherm, and the sharp N2 uptake in the low-pressure region
(P/P0 < 0.05) indicated its microporosity. The Brunauer−
Emmett−Teller (BET) surface area of PTO-COF was
calculated as 957.7 m2·g−1, with a total pore volume (P/P0 =
0.95) of 0.545 cm3·g−1. The pore size distribution (PSD) was
derived from the nonlocal density functional theory (NLDFT)
model as 6.7 Å, which was similar to the calculated pore

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of PTO-COF.
PTO-COF was synthesized through the Knoevenagel condensation of TFPPy and TMT catalyzed by t-BuOK in the
solvent mixture of o-DCB/n-BuOH (1/1) at 120 °C for 72 h.
The crystallinity of PTO-COF was conﬁrmed by powder X-ray
diﬀraction (PXRD). As shown in Figure 2a, the PXRD pattern
of PTO-COF exhibited prominent reﬂections at 5.82°, 6.56°,
14.2°, 14.42°, 17.77°, 19.75°, 24.35°, and 27.45°, corresponding to the planes (100), (110), (120), (111), (360), (311),
(002), and (012), respectively. The PTO-COF model with the
bex net topology was established with the geometry of TFPPy
(D2h) and TMT (C3h) referring to the previous literature,17
and the 1,3,6,8-tetraphenyl pyrene unit adopted the “armchair”
conformation according to a previous report.39 The experimental PXRD pattern showed more agreement with the
stagger ABC stacking models. Eclipsed AA and stagger AB
stacking models are mismatched with PXRD results (Figure
S2). After Pawley reﬁnement of the experimental PXRD
pattern, a unit cell with parameters a = 18.30 Å, b = 40.19 Å, c
= 51.73 Å, α = 65.34°, β = 115.93°, and γ = 88.86° in space
group P1 and good agreement factors (Rwp = 4.01%, Rp =
3.05%) were obtained (Figure S1).
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Figure 3. Comparison of the FT-IR spectra (a) and PXRD patterns (b) of TpMa-COF and TpMa-CON. Comparison of the PXRD pattern (c),
FT-IR spectra (d), XPS N 1s spectra (e), and O 1s (f) spectra of PTO-CON, TpMa-CON, and T/P-1/2, 1/1, 2/1, and 3/1.

diameter in the stagger model.41,42 Oleﬁn-linked PTO-COF
exhibited superior chemical stability in water and strong acid
and alkaline conditions. Moreover, the crystalline structure of
PTO-COF can be maintained under light irradiation (Figure
S5). The thermal stability of PTO-COF was up to 330 °C
according to the thermogravimetric analysis (TGA) curves
(Figure S6).
3.2. Mechanochemical Synthesis and Characterization of TpMa-CON, PTO-CON, and 2D/2D TpMa/PTO
CONs (T/P) Heterojunctions. We have combined the
mechanochemical synthesis of COFs with the mechanical
exfoliation of COFs in one step. TpMa-CON was synthesized
in one pot by ball milling of Tp, Ma, and PTSA acetic acid
solution over a longer time. In addition, TpMa-COF
synthesized by the solvothermal method was used as a
contrast43 (Figure S7−S8). The FT-IR spectrum of mechanochemically synthesized TpMa-CON was similar to that of
solvothermally synthesized TpMa-COF. (Figure 3a) The
appearance of vibration peaks at 1620 cm−1 (−CO), 1523
cm−1 (−CC), and 1236 cm−1 (−C−N) conﬁrmed the
formation of a β-ketoenamine linkage in TpMa-CON, which
veriﬁed the feasibility of the mechanochemical method. In the
PXRD pattern shown in Figure 3b, the same diﬀraction peaks
as in TpMa-COF were retained in TpMa-CON; however, a
signiﬁcant decrease in intensity of the diﬀraction peak
corresponding to the (100) plane was observed, as well as
the broadening and strengthening of the diﬀraction peak
corresponding to the (001) plane, which was the same
situation as for the TpPa series CONs.38 The z-direction
channels in COFs were collapsed by mechanical exfoliation,
which resulted in the weakening of the reﬂection of the (100)
crystal plane, while the enhancement of the reﬂection of the
(001) crystal plane was due to the weakened π−π stacking
resulting from the reduction of the stacked layers. N2
adsorption experiments show that the BET surface area of

TpMa-CON is smaller than that of bulk TpMa-COF (Figure
S9), which was caused by the destruction of long-range
channels and the disordered arrangement of the layer structure.
The HR-TEM image exhibited the ultrathin sheetlike
morphology of TpMa-CON, which conﬁrmed the feasibility
of preparing ultrathin CONs by a mechanochemical one-pot
method. PTO-CON was also prepared by the ball milling of
PTO-COF, and the HR-TEM images also conﬁrmed the
ultrathin morphology of PTO-CON (Figures S10−S11).
Moreover, as presented in the atomic force microscope
(AFM) images, TpMa-CON and PTO-CON showed a
sheetlike morphology with average thickness 2.4 and 3.5 nm,
repectively (Figure S12).
The 2D/2D TpMa/PTO CONs (T/P) heterojunctions
were synthesized by one-pot ball milling of Tp, MA, and PTOCOF in diﬀerent ratios, including T/P-1/2, 1/1, 2/1, and 3/1.
As shown in Figure 3c, the PXRD pattern of T/P
heterojunctions showed that the diﬀraction peaks corresponding to PTO-CON and TpMa-CON were all retained when the
T/P ratio was 1/2 to 2/1, and the relative intensity of the
diﬀraction peaks was positively correlated with the T/P ratio.
When the T/P ratio reached 3/1, only the diﬀraction peaks of
TpMa were retained, which implied that the structure was
dominated by TpMa-CON. The relative intensities of all
diﬀraction peaks of the heterojunctions were lower than those
of the original CONs, which is due to the limit of layer-by-layer
accumulation in single CON by the formation of the 2D/2D
heterojunctions. In the FT-IR spectra (Figure 3d, Figure S13),
the vibration peak at 1700 cm−1 corresponding to the CO
bond in the aldehyde group of the PTO-COF and the amino
N−H stretch vibration at 3100 cm−1 disappeared in the FT-IR
spectra of T/P heterojunctions, indicating that the aldehyde
groups reacted with the amine groups of Ma to form covalent
linkages with TpMa. Meanwhile, X-ray photoelectron spectroscopy (XPS) was carried out to analyze the chemical
42038
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Figure 4. UV-DRS patterns (a) and Tauc plots (b) of PTO-CON, TpMa-CON, and T/P-2/1. (c) Mott−Schottky plots of PTO-CON, TpMaCOF, and TpMa-CON. Photocurrents (d) and EIS Nyquist plots (e) of PTO-CON, TpMa-CON, and T/P-2/1. (f) Band alignment of PTO-COF,
PTO-CON, TpMa-COF, and TpMa-CON.

TpMa-COF/-CON were determined as −0.32 and −0.21 V
(vs NHE). Combined with optical band gap (EVB = Eg + ECB),
the valence band maximum (VBM) of TpMa-COF/-CON was
derived as 1.97 and 2.19 V (vs NHE), which is similar to the
results of VB XPS (Figure S19). The deeper VB positions
implied a stronger oxidation ability of photogenerated holes.
An apparently promoted photocurrent and a smaller arc radius
on the electrochemical impedance spectroscopy (EIS) Nyquist
plot were found for TpMa-CON (Figure S20), conﬁrming the
higher conduction eﬃciency of charge carriers along the outof-plane direction in the sheetlike material, which implied that
photoexcited carriers more easily reach the reaction interface
to induce photocatalytic reactions instead of quenching by
recombining inside. The band gaps of PTO-COF and PTOCON were calculated as 2.3 and 2.38 eV, and the VBMs of
these two materials were located at 1.68 and 1.82 eV, derived
from VB XPS spectra, respectively (Figures S21−22).
For the T/P heterojunctions, the absorption edges showed a
slight blue shift compared to both PTO- and TpMa-CONs
(Figure S17), which conﬁrmed the conversion of the chemical
structure in the 2D covalently linked heterojunction compared
to the original PTO- and TpMa CONs. The band gaps of the
T/P heterojunction were derived as 2.57 (T/P-1/1 and 1/2),
2.5 (T/P-2/1), and 2.52 eV (T/P-3/1), respectively, according
to Tauc plots (Figure S23). All the T/P heterojunctions
exhibited more intense photocurrents than the original PTOand TpMa-CONs (Figure S24), suggesting higher conduction
eﬃciency and separation of photogenerated charges on the T/
P heterojunctions. In addition, the smaller arc radius on EIS
Nyquist plots implied higher electron transfer eﬃciency and
smaller interfacial resistance for T/P heterojunctions (Figure
S25). The above results conﬁrmed the signiﬁcant enhancement
of the separation and conduction eﬃciency of carriers by
constructing the T/P heterojunction. The most intense
photocurrent response and smallest charge transfer impedance
among the T/P heterojunctions implied the better photocatalytic property of T/P-2/1 (Figure 4d and Figure 4e).
3.4. Photocatalytic Degradation of Antibiotics. The
photocatalytic performances of these materials were evaluated
by the degradation of sulfamethazine under the irradiation of

structure of T/P heterojunctions. The XPS N 1s spectra
(Figure 3e) show that the ratios of triazine and imine N (C
N−C) at 398.8 eV to imino N (C-NH−CH) at 400.5 eV
decreased from 62.1% to 51.4% when the T/P ratio increased
from 1/2 to 3/1. As shown in Figure 3f, the peaks in the XPS
O 1s spectra of the T/P heterojunctions were at 531.7 eV,
which were same as that of TpMa-CON and diﬀerent from
that of PTO-CON at 532.3 eV corresponding to aldehyde O,
indicting again that no aldehyde groups remained in the
heterojunctions. In the 13C NMR spectrum of T/P-2/1
(Figure S14), all the carbon signals of TpMa-CON and
PTO-CON were retained except the signal at ∼190 ppm
corresponding to the aldehyde groups in PTO-CON. It is
noted that the new signal at 158 ppm conﬁrmed the imine
linkage between PTO- and TpMa-CON. The selected area
electron diﬀraction (SAED) image of T/P-2/1 showed
diﬀraction rings corresponding to the (002) planes of PTOand TpMa-CON, conﬁrming the crystalline interlayer structure
of the T/P heterojunction. The HR-TEM and AFM images
showed the ultrathin sheetlike morphology of T/P heterojunctions with average thickness 3.3 nm (Figures S15−S16).
3.3. Optical and Photoelectrochemical Characterizations. First, the diﬀerences in photoelectric properties
between TpMa-COF and TpMa-CON have been investigated.
A slight blue shift of the light absorption edge in TpMa-CON
was observed in ultraviolet−visible diﬀuse reﬂectance spectroscopy (UV-DRS) patterns compared to TpMa-COF
(Figure S17), and the corresponding band gaps (Eg) were
determined to be 2.3 and 2.4 eV for TpMa-COF and TpMaCON by Tauc plots, respectively (Figure S18). The larger
band gap of the nanosheet is consistent with previous reports
on carbon nitride and black phosphorus, which was attributed
to the well-known quantum conﬁnement eﬀect by shifting the
conduction and valence band edges in opposite directions.32
Mott−Schottky measurements indicated that the ﬂat band
potentials of TpMa-COF/-CON were derived as −0.12 and
−0.01 V (vs normal hydrogen electrode) (NHE) (Figure 4c).
It was reported that the conduction band minimum (CBM) is
0.1−0.3 V higher than the ﬂat band potential (0.2 V was
considered as the reference44), and the CB potentials for
42039
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Figure 5. (a) Kinetics linear simulation curves of sulfamethazine photocatalytic degradation by TpMa-COF and TpMa-CON. (b) Photocatalytic
degradation of 10 ppm sulfamethazine over PTO-CON, TpMa-CON, and T/P-1/2, 1/1, 2/1, and 3/1. (c) Rate constants of photocatalytic
degradation over PTO-CON, TpMa-CON, and T/P-1/2, 1/1, 2/1, and 3/1. (d) Trapping experiments of photocatalytic degradation.

IR spectra showed no signiﬁcant variations after ﬁve cycles
(Figure S28), which beneﬁted from the superior chemical
stability of the covalently linked heterojunction as well as the
original PTO- and TpMa-CONs. TEM images conﬁrmed the
retention of the sheetlike morphology after several successive
photocatalytic degradations (Figure S29).
3.5. Mechanisms of Photocatalytic Degradation. In
order to understand the mechanism of photocatalytic
degradation, the trapping experiments were performed by
adding diﬀerent quenchers including tert-butanol (t-BuOH),
superoxide dismutase (SOD), triethanolamine (TEOA), and
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na),
which are the scavengers of hydroxyl radicals, superoxide
radicals, photogenerated holes, and singlet oxygen, respectively. For T/P-2/1 as the photocatalyst, no obvious reduction
of the degradation eﬃciency of sulfamethazine was found with
the addition of t-BuOH and EDTA-2Na. By contrast, the
addition of TEOA resulted in an apparent decrease of the
degradation rate, while the degradation rates of the antibiotic
in 50 min were slightly reduced to 91.8% and 92.5% under
deoxygenation conditions and the addition of SOD as
compared to the 98.4% degradation rate under normal
conditions, which conﬁrmed that the photocatalytic degradation was driven by the main contribution of photogenerated
holes with the assistance of superoxide radicals (Figure 5d).
For TpMa-CON as the photocatalyst, the addition of TEOA
almost completely inhibited the degradation of antibiotics,
while the degradation was not limited markedly by the addition
of EDTA-2Na, SOD, and t-BuOH. In addition, the
degradation under deoxygenation conditions was also not
signiﬁcantly inhibited, suggesting that photodegradation was
mainly controlled by photogenerated holes (Figure S30).
Nitro blue tetrazolium (NBT), which can be solely reduced
by superoxide radicals,45 has been used to examine PTOCON, T/P-2/1, and TpMa-CON (Figure S31). The
concentration of NBT gradually decreases in the presence of
PTO-CON and T/P-2/1 under illumination, but there is no
decrease with TpMa-CON. The 5,5-dimethyl-1-pyrroline-N-

visible light (λ > 420 nm). Before the photodegradation
experiments, the photocatalysts and sulfamethazine solution
were contacted in darkness for 1.5 h to reach the adsorption
equilibrium. The photocatalytic degradation rates of sulfamethazine were 82% and 68% within 50 min by TpMa-CON and
-COF, respectively. The degradation process ﬁtted well with
the pseudo-ﬁrst-order reaction model; the degradation rate
constants of 5.36 and 3.46 (×10−4 s−1) were derived for
TpMa-CON and -COF, respectively (Figure 5a). The
improved photocatalytic activity of the sheetlike TpMa-CON
mainly resulted from the synergistic eﬀect of the variation of
the band structure and shorter conduction distance of carriers.
The increase of the band gap and the more positive VB
potential of TpMa-CON implied the stronger oxidizing ability
of photogenerated holes. Additionally, the electron transfer in
2D-COF was mainly dependent on the interlayered π-orbital
overlap along the vertical direction.19 Therefore, photogenerated carriers could reach the reaction interface faster in
ultrathin CONs to induce chemical reactions, and the
recombination of charge carriers can be substantially reduced.
For the T/P heterojunctions, photocatalytic performances of
all the T/P heterojunctions except for T/P-1/2 were found to
be better than the original PTO- and TpMa-CONs and
generally enhanced with the increased content of TpMa-CON
in the heterojunctions. As shown in Figure 5b and Figure 5c,
T/P-2/1 showed the best degradation rate of 98.4% within 50
min with the highest degradation rate constants of 1.04 × 10−3
s−1, which was 2.22 times that of PTO-CON and 1.94 times
that of TpMa-CON. However, when the ratio of T/P reached
3:1, the degradation eﬃciency was decreased. These results
indicated that signiﬁcant enhancement of the photocatalytic
performance could be achieved through the construction of a
covalently linked heterojunction, and the ratio 2/1 of TpMaCON to PTO-CON is most conducive to electron conduction
in the heterojunction. The photodegradation reaction carried
out by T/P-2/1 could proceed ﬁve times continuously, and the
degradation eﬃciency was essentially preserved with the
degradation rate of 97% after the ﬁfth use (Figure S27). FT42040
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oxide (DMPO) is a radical-trapping agent particularly for
identifying superoxide radicals. After the mixture with DMPO
solution under light irradiation, typical signals of DMPO-OOH
were detected by electron spin resonance (ESR) spectroscopy
for PTO-CON and T/P-2/1, but no signal was detected for
TpMa-CON (Figure S32). These results proved that the
generation of the superoxide radical can be achieved by PTOCON and T/P-2/1 but not by TpMa-CON.
According to the band structures of these materials and the
above experimental result, the photocatalytic mechanisms of
T/P heterojunctions have been proposed. As shown in Figure
6, upon the irradiation of visible light, photogenerated

units with the residual aldehyde groups, and the LUMO was
located in the fully reacted pyrene and triazine units.
Therefore, for the CONs heterojunction constructed by the
covalent linkage between the residual aldehyde groups of the
pyrene and amino groups of Ma, the photogenerated electrons
(e−) on the Ma units can migrate to the PTO-CON through
the covalent linkage to combine with the photogenerated holes
(h+) on the pyrene unit, which was consistent with the
mechanism of the Z-scheme heterojunction.
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4. CONCLUSIONS
In summary, we designed and synthesized Z-scheme 2D/2D
TpMa/PTO CONs heterojunctions. First, a [4 + 3]
substoichiometric oleﬁn-linked PTO-COF with remaining
aldehyde groups was designed and synthesized. Subsequently,
the feasibility of a one-pot mechanochemical synthetic method
was veriﬁed by the preparation of TpMa-CON. 2D/2D
TpMa/PTO CONs heterojunctions were prepared through a
similar mechanochemical scheme. The improved optical−
electrical properties and superior photocatalytic degradation
eﬃciency of TpMa-CON indicated the advantage of the CONs
structure in photocatalysis as compared to bulk COFs. The
most signiﬁcant enhancement of photocatalytic performance
was found for the TpMa/PTO-2/1 heterojunction due to
improvement of the separation and conduction eﬃciency of
carriers by constructing a Z-scheme heterojunction. Mechanism studies have conﬁrmed that the conduction of photogenerated carriers of T/P-2/1 followed the Z-scheme
heterojunction mechanism. The main contribution of the
photocatalytic degradation of antibiotics came from the
photogenerated holes generated by TpMa, and the superoxide
radicals generated on the CB of PTO-CON played an assistant
role. We anticipate that the exploration of mechanochemical
one-pot preparation of CONs, and the scheme of constructing
a heterojunction based on substoichiometric COFs in this
work could provide a blue print for the green- and
macrosynthesis of ultrathin CONs as well as the design of
postsynthetic functionalized COFs.

Figure 6. Schematic diagram for charge separation and photocatalytic
process over the T/P heterojunction via a conventional type-II
heterojunction mechanism (a) and a Z-scheme heterojunction
mechanism (b).

electrons on the VB of PTO- and TpMa-CONs were excited
to jump to the CB. If the charge carriers were transferred via
the type-II heterojunction path,46 photogenerated electrons on
the CB of PTO-CON would be transferred to the less negative
CB of TpMa-CONs, and simultaneously, photogenerated
holes on the VB of TpMa-CON would be transferred to the
less positive VB of PTO-CON. Since the CB potential of
TpMa-CON was −0.21 V (vs NHE), electrons in the CB
cannot reduce O2 into superoxide radical with the standard
redox potential of O2/ O2·− (−0.33 V vs NHE), which was not
in agreement with the NBT reduction results and the ESR
spectrum of T/P-2/1. In contrast, if the transfer path of charge
carriers is according to the Z-scheme,47 as shown in Figure 5,
the photoinduced electrons in the CB of TpMa-CON migrate
to the VB of PTO-CON and recombine with the holes, leading
to eﬀective spatial charge separation. The photoinduced
electrons in the CB of PTO-CON were captured by oxygen
molecules to generate superoxide radicals, while the VB of
TpMa-CON with more positive potential achieved oxidative
degradation of antibiotics, which is consistent with the results
of the trapping experiments and ESR spectra.
Additionally, we have determined the locations of the
highest occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO) of TpMa-CON and PTO-CON
(Figures S33−S34). For TpMa-CON, the HOMO was entirely
located in the Tp units while the LUMO was located in both
Tp and Ma units. Furthur, density of states (DOS) analysis
indicated that the top of the VBM and the bottom of the CBM
were mainly contributed by 2p orbits of O atoms in the Tp
unit and N atoms in the Ma unit, respectively (Figure S35).
For PTO-CON, the HOMO was mainly located in the pyrene
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