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ARTICLE INFO ABSTRACT

Keywords: A novel g-C3N,/PDI@MOF heterojunction was synthesized by the in situ growth of NH,-MIL-53(Fe) onto the g-

8-C3N4/PDI C3N4/PDI layer. The heterojunction was applied as a photocatalyst for the removal of pharmaceutical and

MOF phenolic micropollutants in the present of H,O, and visible LED light (420 < A < 800 nm). The synergistic

Visible light . heterojunction displays excellent photocatalytic performance for the removal of several water-soluble and toxic

El(:zttg;itii?i:action organic pollutants (50 ppm) under visible light irradiation, with a maximum efficiency of up to 90% (1 h) for
tetracycline (TC), 78% (2.5h) for carbamazepine (CBZ), 100% (10 min) for bisphenol A (BPA) and 100%
(30 min) for p-nitrophenol (PNP). Furthermore, the low concentration of phenolic organic pollutants (2 ppm)
can also be rapidly degraded into small molecules (analyzed by HPLC) within 10 min. This performance is
superior to some previously reported visible-light photocatalysts. The improved photocatalytic activity is at-
tributed to the efficient formation of heterojunctions derived from the interface contact and electronic band
structure matching between g-C3N4/PDI and NH,-MIL-53(Fe), which is beneficial to charge separation and fa-
cilitates the photodegradation process. Repeated experimental studies and structural analysis of photocatalyst
before and after degradation (XRD and FT-IR) demonstrated that the photocatalyst exhibits good stability and
reusability. This work provides a new insight into the construction of heterojunction photocatalysts based on Fe-
MOF for the heterogeneous photodegradation of organic contaminants with H,O, under visible light.

1. Introduction photocatalytic behavior in the visible light region. The ideal material

should exhibit: (1) broad visible-light absorption; (2) excellent se-

Water contamination caused by organic pollutants has attracted
worldwide attention due to its long-term harm to human beings and
aquatic organisms [1]. The disposal of toxic contaminants, such as
pharmaceutical and phenolic compounds, is difficult with conventional
chemical treatment [2], and these contaminants can be commonly
found on surfaces water in/around China and other areas [3]. The use
of heterogeneous photocatalysts that utilize renewable solar energy
may allow for an effective method for the degradation of pollutants [4]
such as TiO5 [5], ZnO [6], CeO, [7], CdS [8], etc. Nevertheless, the
practical application of TiO, is greatly limited by its poor solar energy
conversion efficiency due to its wide band gap of approximately 3.2 eV.
Thus, there is still an urgent need to discover materials with efficient

paration of photogenerated charge carriers; (3) high stability and reu-
sability.

Two-dimensional (2D) graphitic carbon nitride (g-C3N4), a pro-
mising organic polymer photocatalyst with a narrow band gap of ap-
proximately 2.7 eV, has been utilized in water splitting and for the
decomposition of organic pollutants under visible light irradiation
[9-11]. It can be easily synthesized via the simple thermal condensation
of nitrogen-bearing precursors, and its inexpensive and sustainable
nature, and high thermal and chemical stability, make g-C3N, suitable
for solar-energy conversion [12,13]. In addition, many organic synth-
eses have been developed to rationally tune the chemical structure and
improve the photocatalytic performance because of its versatile
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structure [14,15]. For instance, g-C3N4 doped with pyromellitic diimide
(PDI), namely g-C3N4/PDI, can efficiently tailor its band structure to-
ward specific photoreactions [16,17]. Once electron deficient aromatic
diimides are introduced into the framework of g-C3Ny, the energy of the
conduction band can be significantly reduced. As is well known, elec-
tronic band structure matching in the heterojunction photocatalyst is
beneficial to the separation of photogenerated charge carriers for im-
proving photocatalytic activity [18,19]. Thus, the synthesis of hetero-
junction composites by combining these bandgap-modified g-C3N4 with
other semiconductor, could efficiently suppress the recombination of
photo-induced electronic-holes, which may result in greater photo-
catalytic efficiency.

Photoactive metal-organic frameworks (MOF) have received wide-
spread attention for the photocatalytic decomposition of organic pol-
lutants owing to their adjustable structural composition and high sur-
face area and porosity [20]. They also allow for the good
accommodation and rapid mass transport of guest molecules [21]. Until
now, most research has focused on the fabrication of g-C3N4 and MOF
composites for enhancing the separation of photo-induced electron-
holes [22-26]. However, the impact of MOF/g-C3N, composites on
photocatalytic activity, via the adjustment of the chemical structure of
g-C3N,4 by organic reactions, has not been widely reported. The effect of
the electronic band structure of the semiconductors on the carrier
transport of the heterojunction materials remains unclear. Furthermore,
Fe-contained MOFs have been extensively studied due to iron is an
abundant element in earth and the iron—oxo clusters present in Fe-based
MOFs exhibit a wide absorption range in the visible region [27,28]. For
instance, MIL-53(Fe) shows efficient photocatalytic performance for
simultaneously the reduction of Cr (VI) and removal of organic pollu-
tants under the visible light [29,30]. Based on the above studies, we
hypothesize that Fe-based MOFs and polymer photocatalyst (g-C3N4/
PDI) can be successfully hybridized to form a heterojunction, the het-
erojunction interface can serve as a robust platform for the transpor-
tation of photo-induced electrons from the conductive band of g-C3N,4/
PDI to that of the Fe-based MOFs. Ultimately, the photocatalytic ac-
tivity of composites can be dramatically improved for the photo-
degradation of organic pollutants.

In the present work, we designed and synthesized a g-C3N4/PDI@
MOF (CPM) photocatalyst, as illustrated in Scheme 1. Firstly, the g-
C3N4/PDI was obtained by a calcination process of pyromellitic dia-
nhydride and melem [17]. The NH,-MIL-53(Fe) grows then on the
surface of g-C3N4/PDI by a solvothermal process. The resulting CPM
composites were fully characterized by XRD, FT-IR, TG, SEM, XPS and
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UV-vis spectroscopy. The band position of the prepared g-C3N,/PDI
matches well with that of the synthesized NH,-MIL-53(Fe). The pho-
tocatalytic performance of the photocatalyst was evaluated with respect
to the removal of pharmaceutical and phenolic micropollutants with
the assistance of visible LED light. Its high performance can mostly be
attributed to the synergistic heterojunction between Fe-MOF and g-
C3N,4/PDI, which facilitates the transfer of photo-induced electrons. The
stability and recyclability of the CPM composite was investigated in
detail. Based on photoluminescence (PL), photocurrent and electron
spin resonance (ESR) analysis, a possible photocatalytic mechanism has
been proposed.

2. Experimental
2.1. Materials

Melamine, ferric chloride hexahydrate (FeCl;6H,0), pyromellitic
dianhydride (PMDA), 2-aminoterephthalic acid (NH,-BDC), 5,5-di-
methyl-l1-pyrroline-N-oxide (DMPO), tetracycline (TC) hydrochloride,
carbamazepine (CBZ), bisphenol A (BPA), p-nitrophenol (PNP), and p-
benzoquinone (BQ) were obtained from TCI (Shanghai) Development
Co. Ltd. Methanol (MeOH), N,N-dimethyl formamide (DMF), H,0,
(30%, w/w) and tert-butyl alcohol (TBA) were purchased from
Sinopharm Chemical Reagent Co. Ltd. All chemicals were of analysis of
pure and used without further purification.

2.2. Fabrication of samples

2.2.1. Synthesis of NH,-MIL-53(Fe)

The synthesis of NH,-MIL-53(Fe) was on the basis of a facile sol-
vothermal method according to previous reports with some modifica-
tion [29,31]. Typically, FeCl3:6H,O (2 mmol, 540 mg) and NH,-BDC
(2 mmol, 382mg) were poured into 36 mL DMF solution at ambient
temperature and stirred for 1h. Afterwards, the above solution was
added into a Teflon-lined stainless-steel autoclave (50 mL) and heated
to 150 °C for 24 h. when the temperature was allowed to cool to am-
bient, the product was obtained by wash with DMF and methanol and
centrifugation (10,000 rpm) for 3 min. Finally, the resulting black
brown product was dried at 120 °C for 12 h under vacuum conditions
and ground into powder.

2.2.2. Synthesis of g-C3Ny
The g-C3N, powders were synthesized via a thermal condensation

g-C;N,/PDI@NH,-MIL-53(Fe)

NH,-MIL-53(Fe)

Scheme 1. Schematic illustration of the preparation of the g-C3N4/PDI@NH,-MIL-53(Fe) composite.
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process according to the literature [32]. In a typical synthesis, 5g of
melamine calcined at a rate of 5°Cmin~' up to 550°C for 4h in a
muffle furnace under air. The resulting product was obtained as a
yellow powder.

2.2.3. Synthesis of MA

Melem (MA) was fabricated following reported procedures [14].
Briefly, 5g of melamine was added into an alumina crucible with a
cover and calcined at a rate of 7°Cmin~ ' up to 425°C for 4h in a
muffle furnace under air. The resulting product was obtained as a
white-beige powder.

2.2.4. Synthesis of g-C3N,4/PDI

g-C3N,/PDI was synthesized using the previously reported route by
calcination of a powder mixture of PMDA and MA [16,17,33]. PMDA
(10 mmol) and MA (10 mmol) were mixed evenly by grinding in an
agate mortar. Subsequently, the mixture was transferred into a porce-
lain crucible with a cover and heated at 7 °Cmin ™! up to 325 °C for 4 h.
The yellow product was ground into powder, and the unreacted
monomers were removed by washing with water three times at 50 °C.
Finally, the yellow power was filtered and dried at 100°C for 12h
under vacuum.

2.2.5. Synthesis of g-CsN,/PDI@NH-MIL-53(Fe)

The preparation of g-C3N4/PDI@NH,-MIL-53(Fe) is depicted in
Scheme 1. These composites consisting of different g-C3N4/PDI vs NH,-
MIL-53(Fe) ratios were prepared via a facile hydrothermal process.
Firstly, an appropriate amount of g-C3N4/PDI powder was dispersed
into 36 mL DMF by ultrasonication for 30 min. Then, FeCl36H,0
(2 mmol, 540 mg) and NH,-BDC (2 mmol, 382 mg) were added to the
suspension with vigorous stirring for 60 min. Afterwards, the solution
was transferred to a Teflon-lined stainless-steel autoclave (50 mL), and
heated at 150 °C for 24 h. The remainder of the procedure is similar to
that for the preparation of NH,-MIL-53(Fe). The resultant products
were named CPM-1, CPM-2, CPM-3, with the weight content of the g-
C3Ny4/PDI being 25%, 50% and 75%, respectively.

2.3. Characterization

Power X-ray diffraction (PXRD) of the samples were measured using
an X’Pert-Pro MPD to analysis the crystallographic structure of the
materials. Fourier transform infrared (FT-IR) spectra were collected on
a Nicolet 4700 spectrometer. Thermogravimetric Analysis (TGA) were
conducted on a TA dynamic TGA 2960 instrument, rising from ambient
temperature to 800 °C and an air flow rate of 50 mL/min at a heating
rate of 10 °C/min. Scanning electron microscopy (SEM, Hitachi S-4800)
coupled with energy-dispersive X-ray (EDX), transmission electron
microscopy (TEM, Hitachi H600, 200 kV), and high angle annular dark
field scanning transmission electron microscopy coupled with energy-
dispersive X-ray (HAADF-STEM, FEI Tecnai F-20) were utilized to ob-
serve the morphology, size and elemental distribution of the material.
X-ray photoelectron spectroscopy of the as-prepared samples were
analyzed on an X-ray photoelectron spectrometer (XPS, ESCALAB MK
II). The binding energies were calibrated by using adventitious carbon
contamination (C (1s) = 284.8€V) as a charge reference. The UV-vis
diffuse reflectance spectra (UV-vis DRS) were collected on a CARY 50
spectrometer equipped with integrating sphere. A fluorescence spec-
trophotometer (FLS920) was employed to measure the photo-
luminescence (PL) spectra of the samples with an excitation wavelength
of 370 nm. The signals of *OH was detected by electron spin-resonance
spectroscopy (ESR, JES-X320), 50 mM DMPO aqueous solution was
used as a paramagnetic species spin-trap agent. The photocurrent
spectra were recorded on a CHI 660B electrochemical system
(Shanghai, China) equipped with three standard electrodes: Pt as the
counter electrode and Ag/AgCl as the reference electrode, the sample as
the working electrode, and Na,;SO,4 (0.01 M) as the electrolyte [34].
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5mg of sample powder were dispersed in 5 mL of deionized water by
sonication. The suspension was cover onto the surface of indium-tin
oxide (ITO) glass and dried under an infrared baking lamp to obtain the
working electrode. A Xenon lamp (300 W) was used to simulate sun-
light.

2.4. Photocatalytic experiments

The photocatalytic activity of g-C3N,;/PDI@NH,-MIL-53(Fe) was
tested by the photocatalytic degradation of organic pollutants using a
PCX50 A Discover multichannel photocatalytic reaction system with a
LED white lamp (380-800nm, 5W) as a source of visible light (Fig.
$1), as reported in our previous work [35]. A certain amount of pho-
tocatalyst was added to 50 mL target waste water under magnetic
stirring (500 rpm). First, the solution was keep in the dark with stirring
for 1.5h to realize the saturation adsorption. Subsequently, a certain
amount of H,0, was added to the mixture and the LED lamp was turned
on. Afterwards, 3 mL samples were periodically collected and filtered
through a 0.22 um syringe filter to remove the solid photocatalyst. Fi-
nally, the concentration of the samples was determined using a UV-vis
spectrometer or HPLC. To estimate the stability and reusability of the
photocatalyst, the experiments were conducted over five consecutive
cycles using the recycled catalyst. After each reaction, the solid pho-
tocatalyst was collected by centrifugation, and thoroughly washed with
ultrapure water and ethanol for the next test.

2.5. Analytical methods

The remaining concentrations of TC and CBZ were measured with a
UV-vis spectrometer at a maximum absorption wavelength of 357 nm
and 285 nm, respectively. High-pressure liquid chromatography (HPLC,
Agilent 1260, USA) using a Thermo Syncronics C18 column
(250 mm X 4.6 mm, 5pum) with a UV-Vis detector was used to detect
the concentrations of BPA and PNP in solution. The concentrations of
BPA and PNP were measured at their maximum absorption wavelength
of 278 nm and 320 nm, respectively. 70% methanol and 30% ultrapure
water was used as the mobile phase at a flow rate of 0.7 mL/min. The
HPLC spectra obtained for the photocatalytic degradation process are
provided in the supporting information.

3. Results and discussion
3.1. Characterization of the photocatalysts CPM

Powder-XRD patterns of the as-prepared NH,-MIL-53(Fe), g-C3N,/
PDI and CPM photocatalysts are shown in Fig. 1. The XRD patterns of

MA and g-C3N, are presented in Fig. S2a. The crystallographic features
of MA and g-C3N, are in agreement with that reported in the literature
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Fig. 1. XRD patterns of NH,-MIL-53(Fe), g-C3N4/PDI and CPM composites.
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[14,36]. The diffraction peaks of g-C3N4/PDI and NH,-MIL-53(Fe) are
well-matched with previously reported NH,-MIL-53(Fe) and g-C3Ng4/
PDI [17,37], indicating that both photocatalysts were successfully
prepared. Interestingly, the XRD patterns of the CPM composites are
similar to that of NH,-MIL-53(Fe), implying that the crystal structure of
NH,-MIL-53(Fe) is well-preserved after being anchored onto the g-
C3N,4/PDI sheets. Additionally, there are two new obvious characteristic
diffraction peaks at 20 = 19.0° (d = 0.467 nm) and
29.6°(d = 0.302 nm) present in the XRD patterns of the CPM hybrids,
which correspond to zi-it stacking of the PDI units and donor—acceptor
interaction between the melem and PDI units [17], respectively. It can
be observed that the characteristic peak of g-C3N,/PDI gradually be-
comes more obvious following an increase in the ratio of g-C3N,4/PDI in
the CPM composites. Afterwards, the thermal stability of these photo-
catalysts was also measured by thermogravimetric analysis (Fig. S2b).
The initial weight loss before 100 °C can be ascribed to the departure of
the guest solvent from the MOF framework. The decomposition tem-
perature of CPM is 260 °C, the same as that of NH,-MIL-53(Fe), and the
corresponding decomposition product is Fe;O3. Moreover, the residual
percentage of CPM gradually decreases with increasing g-C3N,/PDI
content, in agreement with the weight content of the g-CsN,4/PDI. In
fact, the residual percentage of CPM-2 is smaller than that of the Fe-
MOF, because the release of the guest methanol molecules from the
channels of the MOF in Fe-MOF is much higher than CPM-2 at tem-
peratures between 25 and 100 °C.

The FT-IR spectra of the as-synthesized samples is shown in Fig. 2.
In comparison, the FT-IR spectra of the CPM composites are similar to
the pure NH,-MIL-53(Fe), indicating that the NH,-MIL-53(Fe) frame-
work has been successfully synthesized into the CPM composites
[16,38]. The absorption peak corresponding to the stretching vibration
of the C—N—C bonds in the pentahedral imide shifted slightly in the
CPM composites compared with g-C3N,/PDI (1373 cm ™), thus sug-
gesting there is an interaction between g-C3N4/PDI and NH,-MIL-
53(Fe) [39-41]. The peaks at 1772, 1716 and 726 cm™ ! correspond to
asymmetric secondary shrinkage, symmetrical stretching and the
bending vibration absorption peak of the C=0 group, respectively, in
the five-membered imide ring; these peaks become more evident with
the increasing percentage of g-C3N4/PDI in CPM composites. These
results further confirm that g-C3N,4/PDI is hybridized successfully with
the Fe-MOF.

The morphologies of the as-synthesized materials were analyzed by
SEM and TEM, as presented in Fig. 3. Massive laminates formed by
stacking are observed on the pristine g-C3N,/PDI (Fig. 3a and b), in
agreement with those reported previously [33,40]. The SEM and TEM
images of CPM-2 reveal that the spindle-shaped NH,-MIL-53(Fe) are in
close contact with the surface of the g-C3N4/PDI [22], as shown in
Fig. 3c and d. The TEM image (marked by the yellow rectangle in
Fig. 3d) and STEM EDX mapping (Fig. $3) of CPM-2 at high-magnifi-
cation clearly show an interface contact between the MOF particles and
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g-C3N4/PDI layer [40,41]. This close contact is beneficial to the trans-
mission of interface electron [42]. Fig. 4 shows the SEM and elemental
mapping images of CPM-2. From these images, it can be seen that the
elements C, N, O and Fe are well-distributed throughout CPM-2, in-
dicating that the Fe-MOF has grown well on the surface of g-C3N4/PDL

The chemical environment and elemental composition of the as-
synthesized products were investigated by XPS analysis. As shown in
Fig. 5a, the survey scanning spectrum testify the existence of C, O, N
and Fe in CPM-2. In comparison, the intensity of N in CPM-2 is stronger
than that in NH,-MIL-53(Fe), suggesting the successful hybridization of
g-C3N4/PDI and Fe-MOF. The Cls spectrum of CPM-2 illustrated in
Fig. 5b, shows four peaks at 284.8, 285.8, 288.3 and 289.0 eV. Speci-
fically, the peaks at 284.8, 285.8 and 289.0eV can be assigned to
aromatic carbons, C—N or C—0 and C=0 of g-C3N,/PDI or NH,-MIL-
53(Fe) [43-45], respectively. The rest one peak at 288.3 eV can be at-
tributed to C-(N)3 group from melem units of g-C3N,/PDI [46]. Fig. 5¢c
illustrates the N 1s spectra of CPM-2. The four characteristic peaks lo-
cated at 398.7, 399.4, 400.2 and 401.2 eV, can be attributed to C=
N—C, C—N, N—(C); and N—H [17,43]. For the N 1 s spectra of NH,-MIL-
53(Fe), two obvious peaks located at 399.3 and 400.4eV can be as-
signed to the C—N and N—H of the NH,-BDC linker [47]. Compared
with pristine g-C3N4/PDI, the peaks of C=N—C and C—N of CPM-2
show a slight positive shift, which may be due to the interaction of Fe>*
with the vicinal N atom, causing a decrease in the electron density of
C—N or C=N bonds [46]. Furthermore, the Fe 2p spectra of CPM-2 was
also analyzed, as shown in Fig. 5d. The binding energies at 712.1 and
725.7 eV with a satellite signal at 715.8 eV confirm the presence of
Fe** in the CPM-2 structure [29,31]. Compared with NH,-MIL-53(Fe),
it is worth pointing out that the binding energy of CPM-2 has a negative
shift, which can be ascribed to the increased electron density of Fe** in
which the neighboring pyridinic N, possessing a lone pair of electrons in
the g-C3N,4/PDI structure, provide the electron for the Fe®™ site in NH,-
MIL-53(Fe) [44,48]. These results further indicate that there is some
contact between g-C3N,4/PDI and MOF, and a heterojunction is formed
in the CPM-2 photocatalyst. In addition, the XPS spectra of g-C3Ny,
CPM-1 and CPM-3 are illustrated in Fig. S4, and the percentage weight
of atoms in the photocatalyst are shown in Table S1. The result is
substantially consistent with the weight content of the g-C3N4/PDI in
the CPM added during the synthetic process.

UV —vis DRS spectroscopy was performed to evaluate the optical
response of the prepared photocatalysts. The NH,-MIL-53(Fe) possessed
a maximum visible light absorption edge at about 800 nm, as shown in
Fig. 6a. Compared with that of g-C3N4/PDI, the absorption range in the
visible region widens following the introduction of Fe-MOF into the g-
C3N,4/PDI. However, the intensity of the absorption peak increases
gradually following an increase in Fe-MOF content, as evidenced by
NH,-MIL-53(Fe) with showing stronger absorption in visible light re-
gion. Furthermore, the bandgap energies were calculated based on Tauc
plots ((ahv)> = A(v — Ej)). The E, of the pure g-C3N,/PDI and NH,-
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Fig. 3. SEM images of (a) g-C3N4/PDI and (c) CPM-2; TEM images of (b) g-C3N4/PDI and (d) CPM-2 (inset: enlarged image of the yellow frame). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 4. (a) SEM image of CPM-2, (b) SEM EDX mappings of C, O, N and Fe, and (c) EDS spectrum of CPM-2.

MIL-53(Fe) were estimated to be 1.88 and 2.72eV, respectively, as
shown in Fig. 6b. In contrast, the E; edge of the CPM narrows with the
decreasing weight content of g-C3N4/PDI in CPM. The E, were values
were calculated to be 2.11, 2.15 and 2.48 eV, corresponding to CPM-1,
CPM-2 and CPM-3, respectively. The results of the optical response
indicate that the preparation of the heterostructure g-C3N4/PDI@MOF
photocatalysts can significantly improve the optical absorption prop-
erties and enhance the conversion efficiency of solar light, which is
beneficial to enhancing the photocatalytic activity.

The transfer of photogenerated electrons between NH,-MIL-53 and
g-C3N,4/PDI was investigated by PL analysis. Fig. 7a displays the PL
spectra of g-C3N,/PDI and CPM, and Fig. 7b is the enlarged image of
Fig. 7a. The powder of g-C3N4/PDI showed strong photoluminescence
behavior, since g-C3N,4/PDI can be excited by ultraviolet light which
gives rise to a rapid recombination of photo-generated electron-hole
pairs. In comparison, the photoluminescence intensity of the CPM is
quenched dramatically, indicating that the recombination of the pho-
togenerated carrier is suppressed after the hybridization of NH,-MIL-
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Fig. 5. XPS spectra of NH,-MIL-53(Fe), CPM-2 and g-C3N4/PDI: (a) survey scan, (b) C 1s, (c) N 1s, and (d) Fe 2p.

53(Fe) with g-C3N4/PDI. In other words, the NH,-MIL-53(Fe) sections
in the CPM composites facilitate the separation of photo-generated
electron-hole pairs from the g-C3N4/PDI, resulting in a greater de-
composition of H,O, to form "OH. As shown in Fig. 7b, the PL intensity
of different CPMs decreased obviously compared to g-C3N,/PDI. This
result further confirms the formation of the heterojunction between
NH,-MIL-53(Fe) and g-C3N4/PDI, which can facilitate the transfer of
the photon-induced carriers. Moreover, CPM-1 has a weaker PL in-
tensity compared with CPM-2 but lower photocatalytic activity, sug-
gesting that the appropriate loading of g-C3N4/PDI in the CPM com-
posites is required to obtain optimal light absorption and the transfer of
photo-induced electrons.

To further confirm the formation of a heterojunction between g-
C3N4/PDI and NH,-MIL-53(Fe), the photocurrents were measured to
determine the separation rate of the photo-generated electron-hole
pairs. As shown in Fig. 7c, the current density follows the order: CPM-
2 > CPM-1 > NH,-MIL-53(Fe) > CPM-3 > g-C3N4/PDI, indicating that
the interfacial charge transfer rate of CPM-2 is faster and so generates
more electrons. However, the current density of CPM-2 is slightly un-
stable, but its photocurrent density is the highest. A similar

phenomenon is also observed in other reports [49,50], which may be
related to the nature of the material itself. Furthermore, it can be seen
that the photocurrent of CPM-3 is slightly lower than that of pristine
NH,-MIL-53(Fe) and is higher than g-C3N4/PDI. This decrease may be
due to the fact that excessive g-C3N4/PDI may shield light absorption,
leading to a reduction in the photo-generated electron by NH,-MIL-
53(Fe). It is well known that the photocatalytic activity is influenced by
not only the charge separation but also the adsorption of light [44,51].
Thus, a suitable loading of g-C3N,/PDI in CPM is necessary to achieve
the optimal photocatalytic performance. To further assess the transfer
performance of photogenerated charge, the electrochemical impedance
of the samples were assessed following the arc radius of the Nyquist
impedance plot, as shown in Fig. S5. The result matches well with the
photocurrent shown in Fig.7¢c. Furthermore, the trend further proves
that the appropriate loading of g-C3N4/PDI is required; a lower or
higher amount of g-C3N,/PDI in the CPM composites may cause a
slower transfer of photo-induced electrons. This result is also consistent
with the PL analysis.
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Fig. 6. (a) UV-vis DRS and (b) plot of (ahw)? vs. photon energy (hv) of the as-synthesized samples.
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Fig. 7. (a, b) PL spectra (excitation at 370 nm) and (c) photocurrent transient of the photocatalysts, (d) XPS valence band spectra of NH,-MIL-53, CPM-2 and g-C3N4/
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3.2. photocatalytic activity test

The photocatalytic performance of the CPM composites was in-
vestigated based on the removal of target pollutants under visible LED
light irradiation. First, the photocatalytic treatment of the pharma-
ceutical micropollutants, TC and CBZ, at low concentration, was con-
ducted with the g-C3N,/PDI@NH,-MIL-53(Fe) photocatalysts. As
shown in Fig. 8a, the photocatalytic degradation of TC follows the order
CPM-2 > CPM-1 > NH,-MIL-53(Fe) > g-C3N4@NH,-MIL-53(Fe) >

mixed g-C3N,/PDI/NH,- MIL-53(Fe) > CPM-3 > g-C3N,/PDI, which is
consistent with the photocurrent analysis. More significantly, the TC
degradation of the CPM-2 composite reached 90%, which is much
higher than that of the parent NH,-MIL-53(Fe) and g-C3N,4/PDI, sig-
nifying the synergistic effect of the heterojunction formed between
NH,-MIL-53(Fe) and g-C3N4/PDI. The excellent photocatalytic capacity
of CPM-2 may be due to expedient electron transfer from g-C3N,/PDI to
NH,-MIL-53(Fe) and improved light absorption, which can both facil-
itate the Fenton-like excitation of H,O5 to form more "OH. Meanwhile,
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Fig. 8. Photocatalytic degradation of (a) TC using different photocatalysts, (b) different conditions and (c) UV-vis spectra change; photocatalytic degradation of CBZ
using (d) different photocatalysts, (e) different conditions and (f) change in UV-vis spectra. (reaction conditions: 0.4 g/L photocatalyst, 10 mM H50,, 50 mL of TC or

CBZ at 50 mg/L, pH of 6).
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it is worth noting that the photodegradation rate of TC over g-CsN,@
NH,-MIL-53(Fe) with 50% of g-C3Ny is significantly lower than CPM-2,
suggesting the introduction of PDI into g-C3N, improves the photo-
catalytic performance of the composites. The reason for this phenom-
enon may be due to the incorporation of the pyromellitic diimides with
high electron affinity into the g-C3N4/PDI positively shifting the oxi-
dation and reduction potentials, which allows the energy level of NH,-
MIL-53(Fe) to match g-C3N,/PDI better than g-C3N, [17,38]. The var-
iation in the UV-vis absorption spectrum of TC over CPM-2 is shown in
Fig. 8c. For the degradation of CBZ, the order is the same as that of TC,
as illustrated in Fig. 8d. Compared with parent NH,-MIL-53(Fe), the
photocatalytic performance of the composites is greatly improved, and
the highest activity is observed with CPM-2. Fig. 8f shows the spectral
variation of the UV-vis absorption of CBZ over CPM-2. The photo-
catalytic efficiency of g-C3N,/PDI@NH,-MIL-53(Fe) is much higher
than that of other photocatalysts reported in the literature [52,53].

The effects of different photocatalytic conditions (visible light, H,O,
and photocatalyst) on the photocatalytic activity were studied system-
atically. It can be clearly seen that the degradation efficiencies for TC in
the CPM-2/vis, CPM-2/H,0,, and CPM-2/H,0,/vis systems (Fig. 8b)
were 43%, 54% and 90%, respectively, while the degradation effi-
ciencies of CBZ in CPM-2/vis, CPM-2/H,0,, and CPM-2/H,0,/Vis sys-
tems (Fig. 8e) were 3%, 7% and 78%, respectively. Moreover, when
only visible light was employed in the TC or CBZ solutions, the con-
centrations of TC and CBZ did not change, suggesting that TC and CBZ
are photo-stable in water. A slight degradation of TC and CBZ is ob-
served when H,0, is added, indicating that a combination of visible
light and H,0,, are able to mildly degrade TC or CBZ in the absence of
photocatalyst. It can thus be concluded that both a visible light source
and H,0, are essential for improving the degradation efficiency. The
results clearly show that the photocatalytic activities for the removal of
TC or CBZ are greatly improved using a combination of CPM-2 and
H,0, under visible light irradiation.

In order to verify the generality of the photocatalytic behavior of g-
C3N4/PDI@NH,-MIL-53(Fe) for the removal of highly toxic phenolic
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organic pollutants, the photodegradation of BPA and PNP was in-
vestigated using CPM-2 under visible light irradiation. Fig. 9a and b
shows the profile for BPA removal; BPA at both a low concentration
(50 ppm) and ultralow concentration (2 ppm) can be rapidly degraded
within 10 min. Interestingly, the photocatalytic behavior for the de-
gradation of PNP over CPM-2 is similar to that of BPA, as shown in
Fig. 9¢ and d. These photodegradation behaviors are confirmed by the
HPLC spectra shown in Fig. $6. These results demonstrate that CPM-2
can be used as an excellent photocatalyst for the rapid removal of toxic
phenolic organic pollutants in the presence of visible light. The pho-
tocatalytic performance over CPM-2 has been compared to other iron-
based photocatalysts. As listed in Table 1, CPM-2 possesses very high
photocatalytic activity for the degradation of organic pollutants. This
study utilizing the visible LED white light seems to be energy efficient,
as well as consuming less energy in the photocatalytic process. Thus,
the LED lamp as a source of visible light is more suitable for practical
application.

In order to discover the optimal reaction conditions, the effect of the
catalyst dosage and H,0, concentration on the photocatalytic activity
over CPM-2 was studied. First, the influence of the catalyst con-
centration for the removal of BPA and PNP was carried out by changing
the catalyst loading between 0.1 g/L and 0.4 g/L with a HyO, con-
centration of 10 mM. The results are shown in Fig. S7. The photo-
catalytic efficiency improves when the catalyst dosage is increased from
0.1 g/L to 0.2 g/L, and then remains nearly constant up to a loading of
0.4 g/L. With regards to the removal of organic pollutants by photo-
Fenton oxidation, the optimum catalyst loading has been widely in-
vestigated [54]; excessive catalyst dosage leads to competing reactions
(Fe2™ + 'OH — Fe®' + OH™) that reduce the amount of radicals
available. Thus, the optimal dose of catalyst found in this work for the
removal of BPA and PNP solution (2 mg/L) is 0.2 g/L. Furthermore, the
influence of H,0, concentration, in the range 5-20 mM, was further
explored with a catalyst dosage of 0.2 g/L. As illustrated in Fig. S8, the
degradation efficiencies for BPA and PNP over CPM-2 increases with
increasing catalyst concentration, and reaches a plateau at a HyO5
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Fig. 9. Photocatalytic degradation of (a) 50 ppm and (b) 2 ppm of BPA; (c) 50 ppm and (d) 2 ppm of PNP over CPM-2. (Reaction condition: 0.4 g/L photocatalyst for
BPA or PNP at 50 mg/L and 0.2 g/L photocatalyst for BPA or PNP at 2mg/L, 10 mM H,0,, 50 mL of BPA or PNP, pH of 6).
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Table 1

Comparison of the photocatalytic performance of CPM-2 with other Fe-based photocatalysts in the reported literatures under visible light irradiation.
Photocatalysts Org. Mcae (/1) Corg (ppm) Ci202 (MM) t (min) Con. (%) Lamp source ref.
Fe304@void@TiO, TC 0.25 40 377 10 100 Xe lamp (300 w) [54]
MIL-53(Fe) CBZ 0.1 40 20 280 90.1 Xe lamp (500 w) [52]
Ag/AgCl/ferrihydrite BPA 1 30 10 50 100 LED lamp (5w) [55]
Ag/AgBr/ferrihydrite BPA 1 30 10 60 100 LED lamp (5w) [56]
Fe,03/3DOM BiVO, PNP 0.1 56 60 60 98 Xe lamp (300 w) [571
g-C3N4/PDI@Fe-MOF TC 0.4 50 10 60 90 LED lamp (5w) this work
8-C3N,4/PDI@Fe-MOF CBZ 0.4 50 10 150 78 LED lamp (5w) this work
8-C3N,4/PDI@Fe-MOF BPA 0.4 50 10 10 100 LED lamp (5w) this work
g-CsN,4/PDI@Fe-MOF PNP 0.4 50 10 30 100 LED lamp (5w) this work

concentration of 10 mM. Further increasing the H,O, concentration to 3.4. Effect of ion species on photocatalytic efficiency

20 mM does not cause an obvious improvement in degradation effi-

ciency. Therefore, in consideration of maximum pollutant removal, the It is well known that inorganic cations and anions such as Ca*>*, K™,

optimum H,0, concentration was considered to be 10 mM.

3.3. Stability and recyclability of g-C3N,/PDI@NH,-MIL-53(Fe)

To assess the potential use of the photocatalyst in practical appli-
cations, the reusability and long-term stability of the photocatalyst was
evaluated. The CPM-2 catalyst was collected by centrifugation and re-
used in the next test. As illustrated in Fig. 10, the photocatalytic de-
gradation efficiency of TC still reached 80%, even after being used 5
times. The percentage removal of CBZ was slightly lower, with the
lowest value being 65%. Significantly, CPM-2 exhibits excellent re-
cyclability for the photocatalytic decomposition of pharmaceutical
micropollutants with the irradiation of visible light over five cycles. For
phenolic organic pollutants, removal was not significantly affected after
five catalytic cycles. Therefore, CPM-2 is stable and can be reused for
the removal of pharmaceuticals and phenolic micropollutants, which is
important for its practical application.

Furthermore, the structure of CPM-2, after repeated treatment with
TC, was fully determined by XRD, FT-IR, SEM, TEM and XPS. As shown
in Fig. 11a, the XRD peaks are identical both before and after the re-
actions, indicating that the structure of the photocatalyst remains
mostly unaltered. In terms of the FT-IR spectrum (Fig. 11b), no obvious
variation is observed, suggesting that the functional groups are not
affected during the photodegradation process. It can be seen from Fig.
S9, the SEM, TEM images and XPS spectra of the CPM-2 composite after
photocatalytic degradation, no significant change occurs in the mor-
phology and chemical environment. Considering the above results, the
CPM-2 composite is stable and can be reused multiple times, providing
the potential for use in water remediation.
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Fig. 10. Recycling test on the removal of TC, CBZ, BPA and PNP. (Reaction
condition: 0.4 g/L photocatalyst, 10 mM H,0,, 50 mL of wastewater at 50 mg/
L, pH of 6).

Mg?*, Na*, ClI7, SO,%, NO;~ and HCO;~ are common in surface
water, groundwater and wastewater, coexisting with the target organic
pollutant to be eliminated [58]. For the practical application of pho-
tocatalysis in water remediation, the effects of inorganic salts on the
photocatalytic performance of the photocatalyst for the removal of
target pollutants must be assessed [59]. As shown in Fig. 12a, cations
(Ca®*, K*, Mg®* and Na*) at 2.5 mM exhibit no appreciably different
impacts on the degradation rate of TC. However, a detrimental effect is
observed when the photocatalytic reaction is conducted with a high
concentration of C1~ (5 and 10 mM). The inhibitive effect can be at-
tributed to excessively produced "Cl from the oxidation of C1~ by "OH,
which are less reactive than "OH [60,61]. Interestingly, S0,42 shows a
positive effect on the degradation efficiency of TC, as shown in Fig. 12b.
The enhancement of the TC degradation rate might be due to the sy-
nergistic effect between 'OH and 'SOy4-, formed from the oxidation of
SO4% by "OH [62-64]. The NOs- exhibits hardly any effect on the de-
gradation process of TC (Fig. 12¢) when its concentration is increased
from 2.5 to 10 mM. However, an obviously adverse effect can be ob-
served when HCO;~ is added into the reaction, as illustrated in
Fig. 12d. The degradation rate of TC decrease gradually as the con-
centration of HCO5~ is increased. The reason for the decrease in de-
gradation rate of TC may be due to HCO3;~ being vulnerable to oxi-
dation by "HO, leading to the formation of 'HCO3/ COs- at a relatively
higher second-order constant of 3.9 x 108 M S [65]. It has been
reported that HCO3'/CO3 - reacts mostly with electron-rich compounds
and is less reactive than "HO or 'SO,4- [63,66].

3.5. Speculated photocatalytic mechanism

In order to determine the main reactive species present in the
photocatalytic cycle, tert-butyl alcohol ("OH scavengers) and p-benzo-
quinone ('O, " scavenger) were used as scavengers in the photo-Fenton
system. The removal efficiency of TC decreases significantly when TBA
is added, as illustrated in Fig. 13a. Furthermore, the TC removal effi-
ciency decreases slightly following the addition of p-benzoquinone,
suggesting that 'O, is not the directly reactive species in the CPM-2/
H»0,/Vis system. Therefore, the presence of excess TBA decreases the
rate of photocatalytic degradation of TC, indicating that "OH is the
main reactive species for the degradation of TC in the photo-Fenton-like
system. In addition, the presence of "OH in the CPM-2/H505/Vis system
was determined by electron spin resonance (ESR), as shown in Fig. 13b.
An intensity ratio of 1:2:2:1 represents the four characteristic peaks of
the DMPO-'OH species; the CPM-2 has the strongest characteristic
quartet peaks, suggesting the amount of generated "OH is high [54].
The results further demonstrate that CPM-2 possesses high photo-
catalytic activity.

To illustrate the possible photocatalytic mechanism of the CPM-2
system, valence band XPS analysis was carried out to measure the band
positions. As shown in Fig. 7d, the valence band (VB) positions of NH,-
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Fig. 11. (a) XRD patterns and (b) FT-IR spectra of CPM-2 composite before and after the photocatalytic degradation.
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Fig. 12. Effect of common cations and anions on the photocatalytic degradation of TC by CPM-2: (a) Ca®*, K*, Mg?", Na™ and Cl~, (b) SO4%, (c) NO;~ and (d)
HCOs3- (reaction condition: 0.4 g/L photocatalyst, 10 mM H,0,, 50 mL of TC at 50 mg/L, pH of 6).
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Fig. 13. (a) Effect of different scavengers on the photocatalytic degradation of TC by CPM-2 (reaction condition: 0.4 g/L photocatalyst, 10 mM H,0,, 50 mL of TC at
50 mg/L, pH of 6); (b) ESR spectra of CPM-2/H,0, recorded at ambient temperature in aqueous dispersion for DMPO-+OH with the assistance of visible light.
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Scheme 2. Schematic illustration for the possible photocatalytic mechanism of the CPM-2 composite under visible light irradiation.

MIL-53(Fe), g-C3N4/PDI and CPM-2 were estimated to be 2.37, 2.24
and 2.13eV vs NHE, respectively. The calculated band gaps of NH»-
MIL-53(Fe), g-C3N4/PDI and CPM-2 are 1.88, 2.72 and 2.15 eV vs NHE,
respectively, determined from UV-DRS spectroscopy in Fig. 6b. The
conductance band (CB) position (Ecg) of CPM-2 is estimated to be
-0.02 eV vs NHE based on the empirical formula of Eg = Eyg — Ecp. The
Ecp of NH»-MIL-53(Fe) and g-C3N4/PDI is 0.49 and -0.48 eV vs NHE,
respectively.

On the basis of the analysis of VB XPS, UV-vis DRS, PL and pho-
tocurrent, we propose a possible mechanism for the photocatalytic
degradation of organic pollutants in the CPM-2/Visible light/H50, re-
action system. A schematic illustration of the photo-generated e -h™
and charge transfer process in the CPM-2 composite is shown in Scheme
2. First, the e "-h* pairs can be generated on the -NH, group, Fes-{i5-
oxo clusters and melem units with the assistance of visible light. Then,
the photo-induced electrons from the CB of g-C3N4/PDI are transferred
to the CB of NH,-MIL-53(Fe), and the holes from the VB of NH,-MIL-
53(Fe) are transferred to the VB of g-C3N4/PDI, which reduces charge
recombination and results in more free electrons in the CB of NH,-MIL-
53(Fe). Finally, the Fe?™" obtained from reduction of Fe®* by electrons
can excite the decomposition of H>O, to form *OH for the oxidation of
the organic pollutants. In the photocatalytic system, PDI has a high
electron affinity and positively shifts the oxidation and reduction po-
tentials of g-C3Ny4, which allows for electric band structure matching
between g-C3N4/PDI and NH,-MIL-53(Fe) [17]. The matching con-
tributes to the efficient formation of the heterojunction, facilitating the
fast transfer and separation of photo-induced electron and hole pairs.
More importantly, the formation of "OH from the excitation of H,O,
with the help of Fe?™ in NH,-MIL-53(Fe), is much easier than that of
using an electron from g-C3N4/PDI with the assistance of visible light
[67]. As a result, the efficient formation of heterojunction between g-
C3N4/PDI and NH,-MIL-53(Fe) are favorable to enhance the visible
light-induced Fenton-like degradation of organic pollutants. The fol-
lowing reaction equations have been proposed:

g-C3N4/PDI + hv — h+ (g-C3N4/PDI) + e- (g-C3N4/PDI)

NH2-MIL-53(Fe) + hv — h+ (NH2-MIL-53(Fe)) + e- (NH2-MIL-
53(Fe))

e- (g-C3N4/PDI) + NH2-MIL-53(Fe) — e- (NH2-MIL-53(Fe)) + g-
C3N4/PDI

Fe3+ + e- (NH2-MIL-53(Fe)) — Fe2+
Fe2+ + H202 — Fe3+ + 'OH + OH- (k = 70 M-1 S-1)

Fe3+ + H202 — Fe2+ + 'OOH + H+ (k = 0.001-0.01 M-1 S-1)

H202 + e- — OH- + 'OH

"OH + Organic pollutants — products

4. Conclusion

In summary, thermal condensation, surface growth technology and
solvothermal methods were exploited for the preparation of a novel g-
C3N4/PDI@NH,-MIL-53(Fe) heterostructure. All of the prepared CPM
composites displayed excellent photocatalytic activity towards the
pharmaceutical and phenolic micropollutants under visible LED light
irradiation. CPM-2 (50%) in particular exhibited excellent efficiency for
the removal of the aforementioned organic pollutants (90% TC, 78%
CBZ, 100% BPA and 100% PNP). Furthermore, very low concentrations
of organic pollutants (2 ppm of BPA or PNP) could also be efficiently
removed with CPM-2 within 10 min. The improvement in the photo-
Fenton-like performance can be attributed to the wide visible light
adsorption region and the efficient formation of heterojunction derived
from the interface contact and energy level matching between g-C3N,/
PDI and NH,-MIL-53(Fe). Repeated experimental studies and structural
analysis demonstrated that CPM-2 was stable and can be reused mul-
tiple times. The findings of this work demonstrate that metal-free
semiconductor and MOF composites have the potential for use in the
removal of organic pollutants for water remediation.
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