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A magnetically reusable Ce-MOF/GO/Fez0,
composite for effective photocatalytic
degradation of chlortetracyclinef

Yuting Bai, (2° Derek Hao, (2 © Sisi Feng, (2 *® Liping Lu {2 *® and Qi Wang*®

Herein, we report a novel 1/GO/FezO,4 photocatalyst, comprising Ce(BTB)(H,O) (MOF-1, HsBTB = 1,3,5-
benzenetrisbenzoic acid), graphene oxide (GO), and iron oxide (FezO,4) for photocatalytic degradation of
chlortetracycline (CTC). This design enables the effective transfer of electrons from the MOF to GO,
thereby reducing the photoelectron—hole recombination rate. Therefore, the optimized 1/GO/FesO4
photocatalyst with H,O, shows the highest photocatalytic activity toward CTC. The kinetic constant is
5.4 times that in the system of MOF-1 and hydrogen peroxide, which usually acted as efficient electron
acceptors to improve the photocatalytic performance of MOFs. More importantly, light absorption is
extended from the ultraviolet to the visible region. Furthermore, 1/GO/FezO,4 can be quickly recycled
under an applied magnetic field and displays outstanding stability and reusability. According to the radi-
cal trapping experiments and electron paramagnetic resonance results, hydroxyl radicals, superoxide
radicals, and holes all contribute to excellent photocatalytic activity. The possible catalytic mechanism of
1/GO/Fes0Q4 is tentatively proposed. This work aims to explore the synergistic effect between metal—

organic frameworks (MOFs) and GO, and provide a theoretical basis for MOF-based composites to
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Introduction

Over the past few decades, antibiotics have received increasing
attention from the public and scientists as emerging contami-
nants in the natural water environment." Long-term or exces-
sive use of antibiotics may bring them into the environment
through direct or indirect means, causing environmental pollu-
tion and endangering the health of organisms.>* Chlortetracy-
cline (CTC), as a kind of tetracycline antibiotic, is widely used
for the disease treatment of animals and humans because of its
easy preparation, low price, convenient use, and broad-spectrum

“ Institute of Molecular Science, Key Laboratory of Chemical Biology and Molecular
Engineering of the Education Ministry, Shanxi University, Taiyuan,
Shanxi 030006, P. R. China. E-mail: luliping@sxu.edu.cn

b Key Laboratory of Materials for Energy Conversion and Storage of Shanxi
Province, Shanxi University, Taiyuan, Shanxi, 030006, P. R. China.
E-mail: ssfeng@sxu.edu.cn

¢ Department of Energy Chemistry and Materials Engineering, Shanxi Institute of
Energy, Jinzhong, Shanxi, 030600, China

4 School of Environmental Science and Engineering, Zhejiang Gongshang University,
Hangzhou 310018, China. E-mail: wangqi8327 @zjgsu.edu.cn

¢ Centre for Technology in Water and Wastewater (CTWW), School of Civil and
Environmental Engineering, University of Technology Sydney (UTS), Sydney,
NSW 2007, Australia

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp04499h

3832 | Phys. Chem. Chem. Phys., 2024, 26, 3832-3841

remove antibiotic contaminants in the environment.

antibacterial advantages.®” However, only part of the CTC can be
metabolized by animals and humans, and the unabsorbed resi-
dues will be released into the environment.® It is difficult to
eliminate antibiotics via traditional wastewater treatment techno-
logy because of their stable chemical structure and resistance
to biodegradation. Consequently, new techniques are urgently
needed to effectively remove residual CTC from water.

In the past few decades, photocatalysis has been approved as
a promising green approach for the removal of antibiotics
due to its simple operation, low energy consumption, and
no secondary contamination. However, it takes a long time
(>200 min) to achieve complete removal of CTC as per some
studies.”® Therefore, new better photocatalysts are needed to
be developed to overcome this barrier. Metal-organic frame-
works (MOFs) are chosen as target photocatalytic materials due
to their semiconductor-like behavior under light irradiation.
Compared with some traditional photocatalysts, MOFs have
risen rapidly owing to their three-dimensional porous structure
and adjustable electron transmission channels under illumina-
tion, which has set off a research frontier in the use of MOFs as
photocatalysts.” The porous structures of MOFs can provide
abundant catalytic active sites and have more tight interfacial
contact with pollutants, which is beneficial for realizing short-
distance to trigger the a catalytic reaction. In addition, the two
basic structural units (metal centers and organic ligands) of
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MOFs have diversified combinations and can be modified,
indicating the well-regulated electronic structures. Furthermore,
H,0,-involved photocatalysis has been involved in MOF-mediated
pollutant degradation, which produces highly oxygen-reactive
species through the reaction between MOFs and H,0,, exhibiting
improved photocatalytic properties compared to pure MOFs."°

Despite the effectiveness of photocatalysis, it is still not
satisfactory due to inefficient visible-light utilization and limi-
ted conductivity, so it requires further improvement. Graphene
oxide (GO), as one of the ideal electron accepter candidates, has
attracted scientific interest due to its superior conductivity and
unique optical properties. The combination of MOFs with GO
has been demonstrated to be one of the most effective ways to
improve the catalytic efficiency of MOFs."" Benefiting from the
synergistic effects between MOFs and GO, MOFs/GO compo-
sites can increase the separation efficiency of photogenerated
carriers and significantly improve the utilization rate of visible
light, which can lead to significant improvement in photocata-
Iytic performance.'>'* Recent studies have indicated that the
MOFs/GO composites can degrade antibiotics and display out-
standing photocatalytic performance. For example, UiO-67/
CdS/rGO was prepared for the degradation of ofloxacin (OFL)
under simulated sunlight."* The GO/NH,-MIL-125(Ti) hybrid
showed improved photocatalytic performance towards the oxi-
dation of gaseous pollutants (NO, and acetaldehyde) compared
with unmodified NH,-MIL-125(Ti)."> A novel 7y-Fe,O;/MIL-
53(Fe)/GO composite was also fabricated, which exhibited out-
standing photocatalytic performance for the degradation of
norfloxacin. The kinetic constant was 4.5 times greater than
that of pristine MIL-53 (Fe) and 1.4-fold higher than that in the
system with H,0, and MIL-53 (Fe).'® However, to date, there are
a few reports about the elimination of CTC under visible light
by MOF-based photocatalysts.

In addition, recycling powder catalysts is another problem
for future practical applications. The loss of photocatalysts may
happen and bring new secondary pollution. Therefore, devel-
oping magnetic catalysts is expected to solve this problem. In
this field, some composite photocatalysts, such as ZnIn,S,/
CoFe,0,4,"” S-scheme heterojunction 3D/2D ZnIn,S,/BiFeO;,"
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AgBr/BiOBr/NiFe,0,4,'° and Z-scheme heterojunction BiFeO,/
ZnFe,0,,%° have been successfully synthesized and exhibited
superior photocatalytic activity and excellent magnetic recovery
properties.

Herein, a novel 1/GO/Fe;0, composite was successfully
prepared by combining MOF, GO, and Fe;O, through reflux
and ultrasonic procedures. The MOF, Ce(BTB)(H,O) (MOF-1)
(H;BTB = 1,3,5-benzenetrisbenzoic acid), is a three-dimen-
sional framework extended by BTB*~ ligands with rigid phenyl
rings, showing two types of channels with cross-sections of
ca. 4.6 A and 5.6 A, respectively.”’ MOF-1 has drawn much
attention owing to its high surface area and unique ultra-
microporous channels. The obtained novel 1/GO/Fe;04 compo-
site in this work was applied for the photocatalytic degradation
of CTC. Additionally, the effects of several parameters, includ-
ing the content of GO, catalyst dosage, and H,O, concentration,
on the photocatalytic performance were intensively evaluated.
The recyclability of 1/GO/Fe;0, was also examined. Moreover,
the photocatalytic mechanism for CTC degradation was also
proposed. To the best of our knowledge, this is the first time
that an ultramicroporous MOF-based composite was prepared
to degrade CTC. This work opens a new route to prepare novel
high-performance MOF-based photocatalysts for water purifica-
tion and environmental remediation.

Experimental section

The detailed preparation of MOF-1, GO, Fe;0,4, and 1/GO/Fe30,,
materials characterization, and evaluation of photocatalytic
activity are provided in the ESIt (see the ESIt).

Results and discussion

Components and structure

The PXRD patterns of the as-prepared GO, Fe;04, MOF-1, and
1/GO/Fe;0, are presented in Fig. 1a and Fig. S1 (ESIT). In the
PXRD pattern of GO, there is a robust characteristic peak at
11.1° with a corresponding layer spacing of 0.8 nm.>* It is worth
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Fig. 1 PXRD patterns (a) and FTIR (b) spectra of GO, FesO,4, MOF-1, and 1/GO/FezO,4.
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noting that no characteristic diffraction peaks of GO can be
detected in the 1/GO/Fe;O, composite owing to the small
amount of GO (9%). Additionally, the PXRD pattern of the
1/GO/Fe;0, composite shows almost the same characteristic
peaks as those of MOF-1, which demonstrates that the incor-
poration of GO will not change the crystalline phase of MOF-1
and its framework structure is maintained. The diffraction
peaks of Fe;O, can also be found in the 1/GO/Fe;0, composite,
which preliminarily proves the successful preparation of the
1/GO/Fe;0, composite.

To further confirm the existence of GO, Fe;0,, and MOF-1 in
the 1/GO/Fe;0, composite, FTIR spectra were recorded (Fig. 1b).
For pure GO, the broadband at 3447 cm™" corresponds to the
O-H stretching vibration, and the bands at 1132, 1382, 1626, and
1734 cm ™! are due to the C-O-C, C-O, C=C, and C=0O stretching
vibrations, respectively.”®> A significant peak for Fe;O, can be
observed at 597 cm™ ", which is associated with Fe-O stretching
vibrations. Furthermore, the FTIR spectrum of the 1/GO/Fe;0,
composite displays no change in the characteristic peaks of pure
MOF-1, which manifests the incorporation of GO and Fe;0, has no
influence on the original structure of MOF-1 and agrees well with
the PXRD patterns. A new peak appeared at about 590 cm ™" in the
1/GO/Fe;0, owing to the Fe-O stretching vibrations in the Fe;O,.
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This verifies that MOF-1, GO, and Fe;O, have been successfully
combined.

Morphological studies of MOF-1, GO, Fe;0,, 1/GO, and
1/GO/Fe;0, were also conducted through SEM analysis.
In Fig. S2a (ESIt), MOF-1 shows a prominent block structure.
The image presented in Fig. S2b (ESIt) displays the GO layers
with wrinkles.>* Fig. S2¢ (ESIf) is the morphology of pristine
Fe;0,, which consists of sphere-like particles with a diameter of
400 nm. After combining MOF-1 with GO, the irregular MOF-1
deposition on the surface of GO can be observed in Fig. S2d
(ESIT), demonstrating the formation of a 1/GO composite.
As presented in Fig. S2e and f (ESIf), the Fe;0O, particles are
uniformly distributed over the surface of GO, which enables the
catalyst to be quickly and conveniently recovered by applying a
magnetic field. Also, the energy dispersive X-ray (EDX) elemen-
tal mapping images (Fig. S3a—e, ESIt) show Ce, C, O, and Fe
elements in the selected area of the composite, and the
distribution is uniform.

To further ascertain the elemental composition and
chemical state of the 1/GO/Fe;0, composite, X-ray photoelec-
tron spectroscopy (XPS) was performed. The XPS survey spectra
verify the existence of Ce, Fe, O, and C elements in the 1/GO/
Fe;0, composite (Fig. 2a), which matches well with the results
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Fig. 2 XPS survey spectra of MOF-1, GO, FezOy4, and 1/GO/FezO4 (a). The high-resolution XPS spectra of Ce 3d (b), and Fe 2p (c).
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of EDX. The high-resolution XPS spectra of Ce in MOF-1 and
1/GO/Fe;0, are given in Fig. 2b. The Ce 3d XPS spectrum of
MOF-1 is composed of four components, which can be attrib-
uted to the existence of 904.3/900.5 eV of Ce(m) 3d3,, and 885.7/
881.9 eV of Ce(m) 3ds/,, whereas the XPS spectrum of the 1/GO/
Fe;0, sample contains peaks of 904.5/900.6 eV of Ce(ur) 3ds/,
and 886.1/882.2 eV of Ce(m) 3ds/,.>> Peaks corresponding to
Ce(mr) 3ds,, and Ce(m) 3ds/, shift to higher binding energies
compared to that of MOF-1 due to the incorporation of GO.
The shifts of these binding energies, thanks to the change of
electron density when MOF-1, GO, and Fe;0, are assembled
into the 1/GO/Fe;0, composite, demonstrate that the interface
between them is formed by internal interaction. As is well
known, a positive shift of the binding energy represents a
decrease in the electron density.>® So, it can be inferred that
the photogenerated electrons transfer from MOF-1 to GO in the
1/GO/Fe;0, composite, which is beneficial for constructing the
1/GO/Fe;0, composite, facilitating the separation of photo-
generated carriers and the improvement of photocatalytic
performance. Fig. 2c presents the high-resolution XPS spectra
corresponding to the Fe 2p of both Fe;O, and 1/GO/Fe;0,
samples. The Fe 2p XPS spectrum of Fe;O, can be divided into
six peaks at 731.0 eV of satellite Fe(u) 2p1, 726.5 eV of Fe(m)
2P1j2, 723.0 eV of Fe(u) 2py/,, 718.2 eV of satellite Fe(u) 2ps/2,
713.7 eV of Fe(m) 2ps/,, and 709.9 eV of Fe(u) 2p;/,, respectively.
Another six peaks of Fe 2p are found in 1/GO/Fe;0, at 732.9 eV
of satellite Fe(u) 2py/», 727.5 eV of Fe(in) 2p1,, 724.0 eV of Fe(u)
2P1/2, 719.1 €V of satellite Fe(u) 2pss, 714.5 eV of Fe(i) 2ps/,
and 710.9 eV of Fe(n) 2ps,, respectively.>” There is a positive
shift in the binding energy of the 1/GO/Fe;0, composite
compared to pure Fe;0,4, confirming the successful incorpora-
tion of Fe;0, into the composite. The O 1s XPS spectrum of GO
is presented in Fig. S4 (ESIT). The O 1s XPS spectrum of MOF-1
can be divided into three bonds with the binding energies of
532.4, 531.8, and 531.1 eV, originating from C-O, C=O0, and
Ce-O, respectively.”® The O 1s spectrum of GO is composed of
four components corresponding to C-O-C (533.4 eV), C-OH
(532.8 eV), C=0 (532.2 eV), and O-C=O0 (531.3 eV) groups,
which further confirms that oxygen-containing functional
groups are present in GO. The oxygen-containing functional
groups can serve as reaction sites and interaction sites with
MOF-1 and Fe;0, nanostructures. The peaks due to O-H and
Fe-O bonds are observed at 530.2 and 529.0 eV, respectively, in
the O 1s XPS spectrum of Fe;O,. In the XPS spectrum of 1/GO/
Fe;0,, the peaks due to C-O-C, C-OH, C—0, O-C—0, Ce-0O,
and Fe-O appeared at binding energies of 533.3, 532.7, 532.1,
531.5, 530.9, and 530.1 eV, which further confirms the presence
of MOF-1, GO, and Fe;0, in the 1/GO/Fe;0, composite. So, the
XPS analysis of all samples proved the successful formation of
the 1/GO/Fe;0, composite.

The UV-vis diffuse reflectance spectra (UV-Vis-DRS) of
synthesized MOF-1 and 1/GO/Fe;O, composite were investi-
gated to evaluate the optical properties (Fig. 3). The optical
absorption intensity of the 1/GO/Fe;0, composite in the region
of 230-850 nm is much stronger than the pristine MOF-1,
indicating that the incorporation of GO can improve the optical

This journal is © the Owner Societies 2024
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Fig. 3 UV-Vis DRS spectra of MOF-1 and 1/GO/FezO,.

absorption of MOF-1.>*° Also, 1/GO/Fe;0, can be excited by
visible light owing to the formation of Ce-O-C bonds between
MOF-1 and GO. The reason is that the oxygenated functional
groups are distributed on the surface of GO, which acts as
anchoring sites for MOF-1.>' After incorporating black GO, the
1/GO/Fe;0, composites become darker with more visible light
absorption than pure MOF-1, which correspond to a previous
report.’> This result combined with XPS characterization
results further manifests the successful preparation of the
1/GO/Fe;0, composite.

Photocatalytic performance

The photocatalytic performance of different catalysts towards
the degradation of CTC under visible light irradiation was
assessed and is presented in Fig. 4a. Without the addition of
the catalyst, the photocatalytic reaction did not proceed in
180 min. However, a small quantity of CTC was degraded when
H,0, was present, which may be attributed to the photolysis of
H,0, promoting the formation of reactive *OH. Interestingly,
the degradation efficiency of CTC in the presence of MOF-1 and
H,0, was significantly higher than that of pristine MOF-1. Since
the Ce cation with variable chemical valences (III and IV) can boost
the decomposition of H,0, to produce *OH via electron transfer,
the photocatalytic performance was improved.*® We also investi-
gated the photocatalytic performance over GO before and after the
addition of H,0,, which showed weak photocatalytic activity for
CTC. However, the photocatalytic performance could be boosted
obviously by the incorporation of GO. And 88.0% degradation of
CTC was achieved within 180 min in the 1/GO/Fe;0,/H,0,/Vis
system, which was much better than that in MOF-1. This may be
attributed to that incorporating GO results in a better response to
visible light irradiation and a lower recombination rate of the
photogenerated carriers. The kinetic curve of CTC degradation
with different photocatalysts followed the pseudo-first-order pro-
cess by linear transformation In(Cy/C) = kt (Fig. S7a, ESIT). Under
identical conditions, the pseudo-first-order reaction kinetics (k) of
1/GO/Fe;0, was 5.4 times higher than that of pristine MOF-1 in the
H,0,/Vis system. By contrast, much boosted CTC degradation
efficiency was achieved in photocatalytic reactions with H,0,,
indicating accelerated catalytic reactions in these systems. Finally,
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Fig. 4 Effect of various parameters: catalyst species (a), the content of GO (b), catalyst dosage (c), and H,O, concentration (d) on the degradation
of CTC in the Fenton-like system. Except for the investigated parameter, other parameters were set as follows: CTC concentration = 20 mg L™

catalyst dosage = 0.3 g L™, and H,O, concentration = 30 mM.

to confirm the role of Fe;0, in 1/GO/Fe;0, in the photocatalytic
reaction, the control experiment using only Fe;O, was also
assessed. As shown in Fig. S5 (ESIt), Fe;0, can degrade CTC with
the help of H,0,, but in the 1/GO/Fe;0, complex, Fe;0, was only
responsible for endowing superparamagnetism to the composite.
Extra experiments have also been conducted to figure out the role
of the Fe;0, in the 1/GO/Fe;0, on the photocatalytic reaction. The
photocatalytic properties of 1/GO and 1/GO/Fe;0, were very close,
indicating that the addition of Fe;O, endowed the catalyst with
magnetic properties without affecting the catalytic performance
(Fig. S6, ESIt). Using GO as a substrate can increase aggregation
and reduce dispersive forces within Fe;0,, forming an electrostatic
interaction or chemical bond between Fe;O, and GO, which was
conducive to the protection of Fe;O,. Besides, the tight interfacial
contact between Fe;O, and GO further strengthened the protection
of Fe;0,. Thus, the incorporation of Fe;O, was only responsible for
endowing superparamagnetism to the composite, enabling the
composite to be recovered by an external magnetic field.

A comparison of the degradation efficiency of CTC in this work
with those of other reported catalysts is listed in Table S1 (ESI}).
As presented, our designed 1/GO/Fe;0, catalyst displays a better
comprehensive evaluation concerning the degradation efficiency
and recyclability than the reported catalysts. This result demon-
strates that 1/GO/Fe;0, appears to be an effective photocatalyst for
the degradation of antibiotics in the aquatic environment.

3836 | Phys. Chem. Chem. Phys., 2024, 26, 3832-3841

Since the reaction parameters (GO content, catalyst dosage,
and H,0, concentration) have a significant influence on photo-
catalytic performance, further studies were conducted to study
the influence of these reaction parameters on the degradation
of CTC by 1/GO/Fe;0,. The degradation of CTC follows two-
stage pseudo-first-order kinetics with different reaction para-
meters (i.e., the initial rapid decline stage and the subsequent
slow decay stage). In the first stage, Ce(in) cations can quickly
react with H,O, to generate many *OH radicals to attack the
target pollutants, thereby helping to degrade CTC rapidly.
Owing to the consumption of a large amount of Ce cations
in the first stage, the reaction rate in the second stage will
be decided by the regeneration rate from Ce(wv) to Ce(ur), which
caused slower degradation of CTC. Similar results were
obtained by another study.?***

The effects of the GO content in 1/GO/Fe;0, on the photo-
catalytic performance toward CTC degradation are presented
in Fig. 4b. The photocatalytic performance of the prepared
composites based on pseudo-first-order reaction kinetic con-
stants (k) followed the order (Fig. S7b, ESIt): 1/GO/Fe;04-9
(0.0124 min™") > 1/GO/Fe;0,-15 (0.0075 min~ ') > 1/GO/
Fe;0,4-5 (0.0069 min™") > 1/GO/Fe;0,4-22 (0.0058 min~*). The
9 wt% 1/GO/Fe;0, composite was the optimal photocatalyst
since a nearly 88.0% degradation of CTC was achieved in
180 min of treatment. This improved performance is chiefly

This journal is © the Owner Societies 2024
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ascribed to the incorporation of GO inhibits the photogener-
ated charge recombination in MOF-1. The prolonged carrier
lifetime produces higher active free radicals than MOF-1, which
can help the photocatalytic degradation of CTC. However, a
further increase in the content of GO will cause excess GO
to compete for active sites, block available optical energy, and
lead to a decrease in the photocatalytic degradation efficiency
of CTC. Similar phenomena were also reported by previous
studies.?>**?7

Fig. 4c shows the effect of catalyst dosages on the CTC
degradation. As the photocatalyst dosage increased from 0.05
to 0.30 g L', the CTC degradation efficiency increased from
65.9 to 88.0%, and the corresponding k value increased from
0.0062 to 0.0124 min~" (Fig. S7c, ESIt). One possible reason is
that the higher the dosage of the catalyst, the more the number
of active sites available for the generation of *OH, thereby
increasing the degradation efficiency. However, a further
increase of catalyst dosages finally led to the decline of degra-
dation efficiency down to 84.4%, since excess photocatalyst will
cause an increase in turbidity and light-scattering because of
catalyst aggregation. This will inhibit photon penetration and
reduce the number of photogenerated oxidants, and thereby
the degradation rate of pollutants considerably declined.’®
These results prove that the optimal amount of catalyst is about
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As revealed in Fig. 4d, the effect of H,O, concentration on
CTC degradation was studied. The increase of CTC degrada-
tion efficiency and the value of k (76.8 to 88.0%, 0.0088 to
0.0124 min~', respectively) is achieved by increasing H,O,
concentration from 10 to 30 mM (Fig. S7d, ESIt). This may be
because the increase in the H,O, concentration led to the
generation of more *OH for CTC degradation. However, the
decrease in the degradation efficiency and k value (81.3% and
0.0097 min’1) was observed with the H,0, concentration
further increasing to 40 mM. This may result from the self-
scavenging effect of excess H,0, on *OH, which corresponds to
the previous reports.*>*°

Reusability and stability of the composite

The circulating experiments were also performed to confirm the
stability of the prepared photocatalyst. As presented in Fig. 5a,
88.0% degradation of CTC under visible light using the 1/GO/
Fe;0, composite was observed for the first run. After ten con-
secutive runs, the degradation rate of CTC decreased slightly. The
minor decrease in the CTC degradation with the increase in the
number of cycles could be ascribed to the adsorption of unwashed
CTC and partial degradation intermediates on 1/GO/Fe;0,4, which
impeded further degradation of CTC through the photocatalytic
process. Similar phenomena were also observed in previous
research.”’ Moreover, the PXRD patterns and FTIR spectra of

(b)

Recycled sample

Lt w_l e

Fresh sample

Lt

Intensity (a.u.)

o/

T L T T L2 T

10 20 30 40 50 60
2 Theta (degree)

-~ (=) «®©
(—] (=] >
! 1 N

Degradation rate (%)

[ %3
=
1

0 T T T T
3 4 5 6 7 8 9

pH

Fig. 5 Recycling test of 1/GO/FezO4 (a). The PXRD patterns (b) and FTIR spectra (c) of 1/GO/FezO,4 before and after photocatalytic reactions. Effects of

initial pH on degradation of CTC (d).
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1/GO/Fe;0, before and after the degradation (Fig. 5b and c)
remained almost identical characteristic peaks, further confirm-
ing the excellent stability of 1/GO/Fe;0,. As displayed in Fig. 5d,
the CTC degradation efficiency decreased as the pH value
increased from 3 to 9, which may be due to the lower oxidation
potential of *OH radicals (E° =+2.8 V at pH 0; E° = +2.0 V at pH 14)
and the self-decomposition of H,0,.>* Also, 1/GO/Fe;0, exhibited
relatively outstanding catalytic activity at near-neutral pH, proving
that 1/GO/Fe;0, can be used in a wide pH range. These results
indicate that the 1/GO/Fe;0, composite was the stable, reusable, and
efficient photocatalyst with superior photocatalytic performance.

Possible photocatalytic mechanism

To verify the possible generation of radicals, two possible
methods can be considered: (i) electron spin resonance (ESR)
and (ii) radical trapping experiments. The ESR was firstly used
to verify the existence of *OH and *O,  during the photocata-
lytic process in the presence of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) (Fig. 6a and b).*>** No characteristic signals of *OH
and *0O, " can be detected in the dark, while they appeared after
1 min irradiation, and the peak intensity increased with the
increase of the irradiation time. Therefore, the production of
*OH and *O," during CTC degradation can be confirmed. For
radical trapping experiments, silver nitrate (Ag(NO)3), p-benzo-
quinone (BQ), disodium ethylenediaminetetraacetic acid
(EDTA-2Na), and isopropanol (IPA) were used to trap e,
*0,7, h', and *OH.**™*® As shown in Fig. 6c, the scavenging
effects of Ag(NO);, BQ, EDTA-2Na, and IPA prevented the
degradation efficiency by 49%, 40%, 56%, and 48%, respec-
tively, after 180 min of irradiation. EDTA-2Na displayed the
most significant decline in the degradation of CTC, demon-
strating that the h* had the greatest influence on CTC degrada-
tion, followed by the existence of e~ and *OH. The presence
of *O, " displayed the lowest impact on degradation, which may
be because the production of *O,~ is lower than that of e, h*
and *OH.

To explore the charge-separation efficiency, photocurrent
measurements (I-t) were performed, and the results displayed
that the photocurrent for 1/GO/Fe;0, enhanced in comparison
with that for pure MOF-1 (Fig. 7a), demonstrating that the
formation of the 1/GO/Fe;0, composite contributed to separat-
ing the photogenerated electron-hole pairs.””™*° This argu-
ment was also supported by the electrochemical impedance
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spectroscopy (EIS) results (Fig. 7b), where 1/GO/Fe;0, showed a
smaller diameter, indicative of smaller electron-transfer resis-
tance.”®>* This was further proven by cyclic voltammetry curves
(CV), which provided valuable hints for the photoexcited elec-
tron transfer and recombination. In comparison, the anodic
peak current and cathodic one at 1/GO/Fe;O, significantly
increased, which can be attributed to the outstanding conduc-
tivity of GO, accelerating electron transfer (Fig. 7c). Such
different photoelectrochemical properties in 1/GO/Fe;0, unequi-
vocally prove that the doping of GO is of great importance.

Mott-Schottky experiments were implemented to evaluate
the conduction band (CB) potential of MOF-1. It was found that
MOF-1 was an n-type semiconductor because of the positive
slope of the Mott-Schottky plots. The flat band (FB) potential of
the semiconductor is calculated by the intercept of the X-axis
extended by the Mott curve, which was 0.1 V positive than the
CB potential.>>>> As shown in Fig. S8a (ESIt), the CB potential
of MOF-1 was extrapolated to be about —1.04 eV vs. Ag/AgCl
(—0.84 eV vs. NHE), which was more negative than the
reduction potential for O, to *O,” (—0.33 eV vs. NHE), thus
indicating that MOF-1 can combine with dissolved O, to gen-
erate O, (Fig. 8). Combined with the band gap value obtained
by UV-Vis DRS spectra (Fig. S8b, ESIt), the corresponding
valence band potential (VB) of the composite was calculated
to be 2.56 eV vs. Ag/AgCl (2.76 €V vs. NHE).>® Since the VB
potential of MOF-1 was more positive than *OH/OH~ (1.99 eV
vs. NHE),>’° so the photogenerated holes might oxidize OH~
toyield *OH. In our work, a heterojunction between MOF-1 and
GO was formed by reflux, and thus created an inner electric
field between them. When it was activated under visible light
irradiation, the generated electrons by MOF-1 can be easily
delocalized from its m* orbital and captured by GO, which
further led to efficient carrier separation and thus an enhanced
photocatalytic activity.

To further investigate the possible photocatalytic degrada-
tion mechanism, CTC aqueous solutions before and after
degradation were studied by liquid chromatography-mass
spectrometry (LC-MS),**"®*> and the possible intermediate pro-
ducts (m/z: [M + H]'/z) were determined. Fig. S9a and b (ESI})
exhibit the extraction ion chromatography (EIC) of [CTC + H]"
ions at m/z = 479 (M + H]") before irradiation, which was the
mass spectrum of CTC. After photocatalytic degradation, the
initial concentration of CTC decreased at a retention time of
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Fig. 8 Schematic diagram of the enhanced photocatalytic mechanism
over the 1/GO/FezO,4 composite.

8.26 minutes, indicating the degradation of CTC (Fig. S9a and c,
ESIt). Combined with the previous reports, Fig. S9d-g and Table S2
(ESIT) show the corresponding MS spectra and structure infor-
mation of the intermediate products. It can be seen that differ-
ent m/z peaks, including 501, 419, 385, 279, 261, 249, 227, and
185 were detected. The possible degradation pathways are illu-
strated in Scheme S2 (ESIt) through the comprehensive analysis
of the above intermediates and other related references. In the
black pathway, ions containing m/z = 501 (M + Na]') had a
molecular weight difference of 23 from CTC, indicating that
it was possible to gain weight from Na'.®® For the red pathway,
the intermediate product of m/z = 385 ([M + H]') was obtained by
dechlorination and double bond breaking.®® In the green path-
way, CTC was attacked by radicals and converted into products
mjz = 419 (M + H]")** and m/z = 249 (M + H]")*® by removing
an acetyl group and conducting a ring-opening reaction,
respectively.®® For the orange pathway, the intermediate pro-
ducts of m/z = 227 (M + H]') and m/z = 185 (M + H]') were
obtained by the degradation.®” In the blue pathway, the inter-
mediate product of m/z = 279 (M + H]') was obtained by
dechlorination, which was further decomposed after the removal
of the aromatic ring, and the intermediate product m/z = 261
(M + H]') was obtained due to the breaking of the double
bond.®® Ultimately, CO,, H,O, and other inorganic substances
could be produced through the mineralization of organic
intermediates.

Through the above analysis and the corresponding results,
the possible mechanism was proposed, in which the e™ in the

This journal is © the Owner Societies 2024

b), and CV plots (c) of MOF-1 and 1/GO/FezO,.

CB of MOF-1 rapidly transfers to GO due to both the shorter
electron-migration distance and the tight solid-solid contact
interface, while h* will remain in the VB of MOF-1. Besides, the
transfer pathway was further verified by XPS. The binding
energies of Ce 3d in 1/GO/Fe;0, shifted to higher binding
energies compared with those of pure MOF-1 (Fig. 2b), proving
that the photoexcited e in the CB of MOF-1 can flow to the GO.
Meanwhile, the accumulated e™ in the GO can react with O, to
generate *0,~ to further decompose CTC, while h' on the VB of
MOF-1 might directly oxidize OH™ to yield *OH to degrade CTC.
Besides, the photogenerated electrons in photocatalytic reactions
can also facilitate the Ce(ur)/Ce(v) conversion, and consequently,
Ce(m) will sustainably react with H,0O, to produce *OH. Accord-
ingly, synergistic effects can be achieved in the H,0,-containing
catalytic system for the degradation of CTC. Ultimately, the
produced reactive species, including *0O,~, *OH and h', together
oxidize CTC to the smaller molecules or ions (CO,, H,0, Cl, etc.).

Conclusions

This work reports a facile strategy to synthesize a highly effi-
cient and reusable 1/GO/Fe;0, catalyst, which displays signifi-
cantly enhanced photocatalytic activity compared with pure
MOF-1. This increase is achieved by utilizing GO, which inhibits
the recombination of charge carriers, improves the utilization rate
of visible light, and helps to improve the photocatalytic activity
of MOF-1. Under the optimized conditions, 88.0% degradation of
20 mg L' CTC has been achieved in 180 min under visible light
irradiation. In addition, the degradation efficiency of CTC does
not change significantly after ten consecutive catalytic degrada-
tions, demonstrating the satisfactory stability and reusability of
the catalyst. More importantly, the catalyst can be quickly and
conveniently separated from the aqueous solution after water
treatment benefiting from magnetism endowed by Fe;O,. This
research not only provides more insights for expanding the
attractive application fields of MOF-based materials but also
provides new photocatalysts for the removal of CTC or other
antibiotics from wastewater in the future.
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