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Herein, a ternary nanocomposite photocatalyst (MOF-1/GO/FezQ,4) based on a novel Nd-MOF, graphene
oxide (GO), and FesO,4 was successfully prepared. It was verified that the MOF nanoparticles and GO
sheets were integrated by means of intimate interfacial contacts and a large number of FezO4 micro-
spheres were uniformly loaded on the surface of GO. The ternary hanocomposite was a stable, environ-
mentally friendly, and efficient visible-light photocatalyst, which displayed excellent photocatalytic per-
formance in the degradation of methylene blue (MB) (~95%) dye within 80 min under sunlight irradiation
in the aqueous solution. Compared to MOF-1, the photocatalytic efficiency of the composite was
improved by 90% and the excitation wavelength was moved from the ultraviolet to visible region. The
enhancement of photocatalytic performance can be ascribed to the introduction of GO, which efficiently
accelerated electron migration, minimized the recombination of photogenerated electron—hole pairs,
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and improved the optical absorption properties, leading to a synergistic facilitation of the photocatalysis
process. The ternary composite demonstrated excellent stability and reusability and can be easily recov-
ered by a magnetic field. The study would provide novel avenues for the preparation of highly efficient
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Introduction

Wastewater from textile, chemical, paper, and food industries
has a significant impact on human health, which has attracted
a considerable amount of attention from a number of
researchers in recent years." Organic dyes are the most
common contaminants in wastewater because they consume
the dissolved oxygen that inhibits light penetration and thus
affect aquatic plants, causing severe impact on the ecosystem.>
It is therefore urgently imperative to quest for effective solu-
tions to alleviate water pollution. Many approaches for the
treatment of sewage such as physical adsorption, photo-
Fenton oxidations, advanced oxidation processes, and photo-
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and environmentally stable photocatalysts for organic wastewater treatment.

catalytic degradation have been reported in the literature.
Among these, photocatalytic degradation has been recognized
as a powerful technology for water treatment until nowadays
due to its benign nature and low cost.>*

Recently, metal-organic frameworks (MOFs) appealed as
burgeoning materials for environmental remediation have
aroused more attention in the field of photocatalysis.>®
Compared with the conventional photocatalysts, MOF
materials have more advantages in improving the photo-
catalytic effect as their desirable topology and high surface
area allow not only for rapid transportation but also for the
good accommodation of guest molecules.” To date, the photo-
catalytic properties of some MOFs have been studied and the
application of MOFs as potential photocatalysts has been
proved. For instance, Garcia and his team demonstrated that
MOF-5 could perform as a semiconductor and displayed its
photocatalytic activity in certain reactions.® MIL-88A was syn-
thesized as a photocatalyst for the degradation of Orange G.°
The excellent activity of MOF 235 in the degradation of RhB
under visible light was also investigated."’

However, despite the MOFs having photocatalytic pro-
perties, the activity of MOF photocatalysts is immensely
limited by the fast recombination rate of the photogenerated
electron-hole pairs; hence, they cannot meet the needs for
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practical applications."" Thus, it is desired to find some
simple and direct approaches for improving the photocatalytic
performance of MOFs.">"® Among them, one of the most
effective techniques is the use of graphene oxide (GO) sup-
ported MOF composite materials as heterojunction photocata-
lysts for the conversion of solar light into chemical energy. GO
formed from the oxidation of graphite is one of the most ideal
candidates for the separation and transfer of photogenerated
carriers owing to its large specific surface area, excellent
thermal and chemical stability, and outstanding mobility of
the charge carriers.'*'® There is a great deal of oxygen-contain-
ing functional groups such as -CO-, -OH, and -CH(O)CH- on
the surface of GO, which facilitate the coordination of GO with
the metal center of MOFs; hence, the crystal grows onto the
graphene layer."'” We can maximize the electron transport
performance of GO, and thus, improve the photocatalytic
activity of MOFs, which can be attributed to the interfacial con-
tacts between GO and MOFs. Currently, the process has been
used to synthesize a variety of GO-based nanocomposites,
which exhibit superior adsorption and photocatalytic pro-
perties. In the past few decades, scientists have prepared
numerous graphene-based MOF photocatalysts.'® > However,
the major issue in the practical application of photocatalysis
system is the complicated separation of photocatalysts from
the reaction medium after photodegradation owing to the
good dispersive properties of these photocatalysts. To address
this problem, photocatalysts that can be recovered under an
external magnetic field has been proposed as a possible solu-
tion.”’ Fe;0, was selected as a superparamagnetic material
because of its excellent magnetic properties, low cost, high
abundance, environmental benignity, simple preparation
methods, and strong super-paramagnetic properties. Although
there have been some reports on the use of MOF/GO and
MOF/Fe;0, nanocomposites®* > as photocatalysts, to the best
of our knowledge, the research works focused on the prepa-
ration of the MOF/GO/Fe;0, composite as photocatalysts that
have the advantages of GO and magnetic field responsive sep-
aration simultaneously are rather scarce.

In this work, we designed a novel Nd-MOF (MOF-1) as the
component because its intervalence electron can be trans-
ferred by ultraviolet light and its neodymium ion has stable
different valence states. This is the first photocatalyst based on
the Nd-MOF for the degradation of dyes. In particular, this
material combined with GO and Fe;0,, the ternary composite
showed an excellent specific photocatalytic degradation prop-
erty in the aqueous solution with outstanding stability and re-
usability. The absorption spectrum can also be moved to the
visible region. It is exciting that the photocatalytic efficiency of
the MOF-1/GO/Fe;0, nanocomposite toward methylene blue
(MB) degradation in aqueous solution was increased by 90%
than that of their single-component materials. This improve-
ment of the photocatalytic performance was found to be
closely dependent on the addition of GO that efficiently pro-
moted the separation of charge carriers and increased the
optical absorption properties. Besides, the MOF-1/GO/Fe;0,
nanocomposites could be recovered and reused from the
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treated water through an external magnetic field. Therefore,
MOF-1/GO/Fe;0, nanocomposite is an important candidate
for the decolorization of organic contaminants in wastewater
under visible light because of its convenient preparation, out-
standing photocatalytic activity, and high stability.

Experimental
Materials

1,3,5-Tris(4-carbon(phenoxy)benzene) (H;TCPB) was pur-
chased from the Jinan Camolai Trading Company, China.
Graphene oxide (GO) was prepared according to the methods
in the literature.® All reagents and solvents were used without
any further purification. The FT-IR spectra were recorded on a
BRUKER TENSOR27 spectrometer with KBr disks. The powder
X-ray diffraction patterns (PXRD) were recorded using a Bruker
D8 Advance X-ray diffractometer employing Cu-Ka radiation
with a 26 value ranging from 5° to 60°. The thermogravimetric
analysis (TGA) was performed by using a DuPont thermal ana-
lyser from 2 °C to 800 °C with a heating rate of 10 K min~" and
under a N, atmosphere. UV-vis diffuse reflectance spectroscopy
(DRS) was performed by using a TU-1950 UV-vis spectrophoto-
meter, during which BaSO, was adopted as the internal reflec-
tivity standard. The morphology was observed on a JSM-7001F
field emission scanning electron microscope (FE-SEM). The
BET surface area and porous property were measured by using
a Micromeritics ASAP 2020 analyzer. The concentration of iron
ions in the suspension was detected by inductively coupled
plasma mass spectrometry (ICP-MS) (NexION350X). The
electrochemical impedance spectroscopy (EIS) was performed
under a status of open-circuit voltage and over the frequency
range of 100 kHz to 0.01 Hz. The liquid chromatography-mass
spectrometry (LC-MS) analysis was performed by using a
Thermo Scientific Q Exactive. The Mott-Schottky analysis was
performed on an electrochemical workstation (RST5200F). The
UV/visible spectra were recorded with a JASCO V-570
spectrophotometer.

Synthetic procedures

Preparation of [Nd,(TCPB),(DMF)(H,0)],, (MOF-1 or 1). A
mixture of NdCl;-6H,O (359 mg, 0.1 mmol), H;TCPB
(48.6 mg, 0.1 mmol), distilled water (2.0 mL), C,H;OH
(3.0 mL), and N,N-dimethylformamide (DMF) (3.0 mL) was
stirred for 30 min and transferred into a stainless steel auto-
clave with a Teflon liner (23.0 mL). After a hydrothermal
process under autogenous pressure at 393 K for 72 h, the
reactor was naturally cooled to RT. The purple bulk crystals
were collected by filtration, washed with H,O, and dried in air,
obtaining a yield of ~42% based on H;TCPB. Analysis calcu-
lated for Cs,H3oNO,(Nd,: C 50.80, H 2.89, N 1.04; found: C
49.98, H 2.98, N 1.65. IR (KBr, v/em™; s = strong, m =
medium, and w = weak): 3414m, 1927w, 1651s, 1597s, 1533s,
1503s, 1454m, 1410s, 1348m, 1232s, 1168s, 1113w, 1010w,
784s, 712m, 623w, and 437w (Fig. 2b).

This journal is © The Royal Society of Chemistry 2020
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X-ray crystallography and structure solution.
Crystallographic data for [Nd,(TCPB),(DMF)(H,0)], was col-
lected by using a CrysAlisPro, Agilent Technologies with a
SuperNova, Dual, Cu at zero, Eos with Cu-Ka (1 = 1.5418 A) as
the radiation source. The structure was obtained by direct
methods and refined by full-matrix least-square methods on F>
using the SHELXTL-2018.>” All the non-H atoms were refined
anisotropically. In the processes of refinements for MOF-1,
solvent DMF molecules and H,O molecules were found to be
severely disordered and were refined with some occupancies
from the diffraction data and the reports of element analyses.
Seriously disordered atoms and relevant distances were con-
strained by ISOR and DFIX instructions. The attempt to locate
H atoms to the disordered H,O molecules of MOF-1 was
unsuccessful. Therefore, the H atoms of some disordered O
atoms belong to an unknown or inconsistent label in
CHECKCIF, but their contributions were also included in the
overall formula. The topological analyses were performed
using the Topos Pro program. The crystallographic data, the
data collection, and refinement parameters of MOF-1 are pro-
vided in Table 1. Crystallographic data in CIF format is de-
posited with the Cambridge Crystallographic Data Center as
CCDC 196261771 for MOF-1. The selected bond lengths,
Nd---Nd distances, and angles of MOF-1 are listed in
Table S1.}

Preparation of MOF-1/GO/Fe;0,4. Fe;0, nanoparticles were
synthesized following the most commonly used method.*®
MOF-1 was first dispersed in ethanol by stirring until the
mixture turned into a homogeneous solution. Next, GO with
the desired weight was dispersed in 10.0 mL of ethanol, soni-
cated for 15 min, and then added the above dispersions into a
flask. After reflux for 4 hours, MOF-1/GO could be obtained via
rotating evaporation. Finally, the MOF-1/GO/Fe;O, nano-
composite was obtained by adding quantitative Fe;O, and

Table 1 Crystal data and structural refinement parameters for MOF-1

Compound MOF-1
CCDC 1962617
Formula Cs5,H30NNd, 0,4
Crystal system Triclinic
Space group P1

alA 5.4980(2)
b/A 13.6342(6)
c/A 18.1214(6)
al® 72.607(3)
pl° 85.403(3)
yl° 80.601(4)
VIA® 1278.18(9)
T/K 173

z 1

Rint 0.030
GOF 1.05
F(000) 668

Pealea (g cm™) 1.749

4, MM~ 16.04

RyWR, (I> 26(D))
Ry/WR, (all data b
Pmax,miny € (e A73)

0.0309/0.0900
0.0323/0.0915
1.67/-0.67

“Ry = ZlFo| =| Fell1ZFo|. * WR? = [Zw(Fo” — F) Zw(Fs"Y]".

This journal is © The Royal Society of Chemistry 2020
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MOF-1/GO in ethanol that was well dissolved through ultra-
sonic vibration. The corresponding MOF-1/GO/Fe;0, compo-
sites were labelled as MOF-1/GO/Fe;0,4-x, where x (wt%) refers
to the mass fraction of GO in the composites. MOF-1/GO/
Fe;0,-5-MOF-1/GO/Fe;0,-22 were prepared in this work.
Among all the samples synthesized, the MOF-1/GO/Fe;04-9
was found to have the best photocatalytic performance. Thus,
MOF-1/GO/Fe;0, in this study refers to the MOF-1/GO/Fe;0,4-9
nanocomposite without further labelling.

Photocatalytic activity measurements. To evaluate the photo-
catalytic behavior of the MOF-1/GO/Fe;0, nanocomposite, the
degradation of MB aqueous solution (10 mg L") under visible
light was used as a model system. Before irradiation, the
photocatalysts (2 mg) were dispersed in the mixture and
stirred in the dark for 30 min to reach the adsorption-desorp-
tion equilibrium. Stirring was continued during the photo-
catalytic process. At the same time interval of 10 min, the reac-
tion solution was taken out and transferred for UV analysis.
The concentration of MB was monitored by measuring the
absorption intensity at the maximum absorption wavelength
of 2 =664.0 nm by a UV-vis spectrophotometer.

Results and discussion
Crystal structure of [Nd,(TCPB),(DMF)(H,0)],

[Nd,(TCPB),(DMF)(H,0)], crystallizes in the P1 space group of
the triclinic. The asymmetric unit contains one Nd** cation,
one TCPB®~ ligand, a half coordinated DMF, and a half co-
ordinated H,O (Fig. 1a). Each Nd*" ion coordinated with eight
oxygen atoms from six independent TCPB*>~ ligands (04, 04",
05, 06, 07" 08", 09"), a half coordinated H,O (010) and a
half coordinated DMF (O11), respectively, to show a distorted
dodecahedron. The bond length of the Nd-O is in the range of
2.328(3)-2.646(3) A (Table S1t). To better observe the three-
dimensional network structure of MOF-1, the whole network
can be regarded as a topologically connected framework with a
point symbol of (4''-6*) from the TOPOS program analysis
(Fig. 1b).

Characterization of MOF-1

To identify the phase purity of MOF-1, the PXRD spectra were
recorded at room temperature. The PXRD pattern of
[Nd,(TCPB),(DMF)(H,0)], is consistent with its simulated
pattern from the single crystal data, indicating the high purity
of MOF-1 (Fig. S17). The thermal stability of MOF-1 was
carried out by thermogravimetric analysis (TGA) (Fig. S2t), and
the result indicated that MOF-1 could maintain the framework
until about 530 °C.

Characterizations of MOF-1/GO/Fe;0, composite

The PXRD patterns of the original GO, Fe;0,, MOF-1, and
MOF-1/GO/Fe;0, nanocomposites are shown in Fig. 2a. GO
displayed an intense and sharp diffraction peak at about 20 =
11.14°, and the corresponding interlayer spacing was obtained
as 0.79 nm from Bragg’s law.>® In MOF-1/GO/Fe;0, nano-

Dalton Trans., 2020, 49, 10745-10754 | 10747
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Fig. 1 (a) Coordination environment of Nd** cations and atomic labeling scheme in MOF-1 (coordinated H,O molecules are omitted for clarity).
Symmetry codes: (i) —x + 1, -y +1, -z + 2; (i) —x+ 1, -y + 1, -z + 1; (iii)) —x, -y + 1, —z+ 2; (iv) x+ Ly +1,z-1;(v) -x+ 2, -y + 1, —z + 1; and (vi) x —
1,y — 1, z + 1. (b) Topological structure. The Nd units and the tcpb®~ anions are shown in pink and yellow, respectively.
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Fig. 2 The PXRD patterns (a) and FT-IR spectroscopy spectra (b) of GO, FesO,4, MOF-1, and MOF-1/GO/Fez0,.

composites, the main peaks of MOF-1 were retained, indicat-
ing that the MOF-1 structure was mainly maintained and the
graphene layers of GO only caused slight distortions.*®
However, no obvious diffraction peaks of GO were observed in
this ternary material because the relatively low content of GO
in the sample made the peak weaker. This phenomenon is
also similar to previous reports.>' The characteristic diffraction
peak of Fe;O, could also be observed in Fig. 2a, which con-
firms the successful preparation of the MOF-1/GO/Fe;0,
nanocomposite.*”

The FT-IR spectroscopy of GO, Fe;0,, MOF-1, and MOF-1/
GO/Fe;0, nanocomposites was performed as shown in Fig. 2b.
The absorption band located at 588 cm™" was assigned to the
Fe-O vibration.>? In the FT-IR spectrum of GO, the strong
and broad band at around 3440 cm™" is related to the hydroxyl
stretching vibration (O-H) produced by -COOH group and
H,O molecule.?® The absorption bands at 1728 ecm™' and
1624 cm™' arise due to the C=0 and C=C stretching
vibrations, respectively.>® Furthermore, the absorption bands
at 1389 cm™" and 1107 cm™" can be attributed to the stretching

10748 | Dalton Trans., 2020, 49, 10745-10754

vibrations of C-OH and C-0.?® Therefore, a large number of
oxygen-containing functional groups could be introduced into
the GO nanosheets during the oxidation process. As shown in
Fig. 2b, the characteristic absorption bands of MOF-1 are
dominant in MOF-1/GO/Fe;0, composites. Compared with
pure MOF-1 nanocomposites, the strength and position of the
bands of MOF-1/GO/Fe;0, composites demonstrated no clear
change, suggesting that the composition of the MOF-1 unit is
not inhibited by the graphene layers. The spectra of the
MOF-1/GO/Fe;0, nanocomposite also combined the features
of the composites, and the characteristic absorption bands of
each component are provided. This phenomenon supports the
results of PXRD and indicates the existence of MOF-1 and
Fe;0, in the composites.

The morphology of the synthesized MOF-1/GO and MOF-1/
GO/Fe;0, nanocomposites was characterized by SEM. The
SEM image of MOF-1/GO nanocomposite (Fig. 3a and b)
showed that the MOF-1 nanoparticles and the GO sheets have
been integrated by intimate interfacial contact.>” As shown in
Fig. 3¢, MOF-1/GO/Fe;0, had a large number of Fe;0, micro-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images of MOF-1/GO (a and b) and MOF-1/GO/Fez0O, (c
and d).

spheres with a diameter of about 400 nm that were loaded on
the thin surface of GO, and the size of the magnetic micro-
spheres was uniform, as reported previously.”®** As presented
in Fig. 3d, in addition to loading lots of Fe;O, microspheres
on the surface of GO, a large amount of MOF-1 nanoparticles
were loaded.

Therefore, as demonstrated by the SEM results, the novel
MOF-1/GO/Fe;0, nanocomposite had been successfully
prepared.

The N, adsorption-desorption isotherm of the as-syn-
thesized photocatalysts was carried out at 77 K to investigate
the specific surface area and the pore volume. As presented in
Fig. S3,f the BET surface area of MOF-1/GO/Fe;O, nano-
composite was calculated as 48.80 m”> g~'. The isotherms are
representative type-IV isotherms according to the IUPAC classi-
fication, indicating that the resultant MOF-1/GO/Fe;0, nano-
composite belongs to the mesoporous material. The improved
surface area possibly arises due to the large number of micro-
pores produced at the interface between the GO and MOF-1
components,®® as proved by the N, isotherm measured on the
MOF-1/GO/Fe;0, nanocomposite and the corresponding SEM
images. Moreover, the comparatively high surface area could
play a vital role in both improving the light absorption capa-
bility and providing enough high active sites for driving the
photocatalytic reactions.>*>®

The absorbance properties of MOF-1/GO/Fe;O, nano-
composite and pure MOF-1 were investigated via UV-Vis DRS.
In the visible region, the absorption intensity of the hetero-
structure composite was noticeably higher than that of pure
MOF-1, revealing that the addition of GO can improve the
photocatalytic performance of MOF-1.>°"*" Also, the red shift
of the absorption wavelength showed that these composites
could absorb visible light, suggesting that they may be good
photocatalysts for the photo-driven applications®* (Fig. 4a).
The bandgap energies can be calculated by the equation ahv =
A(hv — Eg)"?, where a, h, v and A represent the absorption

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 UV-vis DRS (a) and the bandgaps (b) of the MOF-1 and MOF-1/
GO/Fez04 nanocomposites.

coefficient, the Planck’s constant, the light frequency, and pro-
portionality constant, respectively.*> The n are 4 and 1 for the
calculation of direct and indirect bandgaps of semiconductors,
respectively, and E, represents the absorption bandgap
energy.">*® The optical bandgap energies of the MOF-1 and
MOF-1/GO/Fe;0, nanocomposites were found to be 3.89 and
2.39 eV, respectively (Fig. 4b). Notably, the optical bandgap
energy of the MOF-1/GO/Fe;0, nanocomposite decreased due
to the introduction of GO as compared with pure MOF-1. The
results indicated that GO played a vital role in decreasing the
optical bandgap, broadening visible light absorption range,
and improving the utilization ratio of visible light, which is
analogous to that reported in the literature.*® Hence, the syn-
thesized materials demonstrated excellent photocatalytic per-
formance under visible light irradiation.

Photocatalytic properties

The photocatalytic property was evaluated by the degradation
of MB, RhB, and MO under visible light irradiation. The
results showed that the composited photocatalyst displayed
good specific degradation of MB; so, we chose MB as the repre-
sentation (Fig. S4t). Several controlled experiments were first
carried out to ensure that the results acquired from the photo-
catalytic tests were consistent and not affected by hydrolysis or
photolysis. Fig. 5a shows the variation of MB concentration (C/
Co) with reaction time under different experimental con-
ditions. There was negligible degradation of MB in the

Dalton Trans., 2020, 49,10745-10754 | 10749
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Fig. 5 Photocatalytic degradation of MB as a function of irradiation
time for different photocatalysts: No catalyst, MOF-1, GO, FezO,,
and MOF-1/GO/Fez04-9 (a). Photocatalytic degradation of MB as a
function of irradiation time for a series of MOF-1/GO/Fez04-x photoca-
talysts (b). Photographic image of MB before and after degradation by
MOF-1/GO/Fez0,4 and the recovery of the catalysts by applying an exter-
nal magnet (c).

absence of catalysts under equivalent experimental conditions,
suggesting that MB was quite stable towards incident light.
Also, a blank experiment was performed wherein GO was used
as a photocatalyst to degrade MB. It was noticeable that a neg-
ligible degradation of MB was detected in the presence of
blank GO. Moreover, MOF-1 and Fe;O, had almost no degra-
dation towards MB. However, after the composite was formed,
there was a clear increase in the photocatalytic efficiency to up
to 90%. This was because of the addition of GO which pre-
vented the recombination of photogenerated electron-hole
pairs and improved the photocatalytic performance. The
photocatalytic activity of the composite was much better after
the introduction of GO. It is crucial to control the addition
ratio of GO for achieving optimal synergy interactions between

10750 | Dalton Trans., 2020, 49, 10745-10754
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GO and MOF-1 for the photodegradation of MB under the
same experimental conditions. As shown in Fig. 5b, the photo-
catalytic performance of the MOF-1/GO/Fe;0, nanocomposite
was extremely affected by the incorporation amount of GO. MB
was primarily removed from the solution by the photodegrada-
tion of the MOF-1/GO/Fe;0,-5, 9, 15, 22 nanocomposites, and
the photocatalytic percentage at 80 min was 57%, 95%, 91%,
and 80%, respectively. The photocatalytic degradation
efficiency increased with the increase in GO amount and
reached the maximum when the content of GO was 9%.
However, upon further increasing the loading amount of GO,
the degradation ratio of MB in the aqueous solutions
decreased, but was still higher than that of pure MOF-1. This
phenomenon had also been reported in the literature.?” Based
on the experimental results, we concluded that 9% MOF-1/GO/
Fe;0, displayed a superb photocatalytic performance towards
the photocatalytic degradation of MB. These results may be
due to the fact that some active sites on the surface of MOF-1
are hindered by the additional GO when the content of GO is
high, resulting in reduced photocatalytic activity.*® Notably,
the 9% MOF-1/GO/Fe;0, nanocomposite as an optimum
sample achieved the highest final degradation (95%) of MB
dye by the aid of photocatalysis, and MB was almost comple-
tely colorless after 80 min of visible light irradiation. The fun-
damental cause of this phenomenon is the introduction of GO
that is conducive to the separation of electron-hole pairs.
Moreover, the prepared MOF-1/GO/Fe;O, photocatalyst could
be recovered from the solution under an external magnetic
field (Fig. 5¢), directly demonstrating that the composites can
be used as a convenient and recoverable photocatalyst in prac-
tical applications. Thus, we took 9% of GO in MOF-1/GO/Fe;0,
as a proper ratio for further research. The kinetic curve of MB
degradation is generally considered to follow the pseudo-first-
order linear transformation process In(Co/C) = kt (Fig. S51) that
is used to calculate the MB degradation rate over these four
photocatalysts. The reaction rate constants over the MOF-1/
GO/Fe;0,4-9 nanocomposite were about 6.4, 1.1, and 1.8 times
larger than that of MOF-1/GO/Fe;04-5, 15, and 22 nano-
composites, respectively. The MOF-1/GO/Fe;0,-9 nano-
composite exhibited better degradation performance and a
higher degradation rate constant for MB. Compared with the
well-behaved photocatalysts in the recent works (Table S27),
the degradation performance of the MOF-1/GO/Fe;O, nano-
composite was superior to most of the reported MOF-based
hybrid nanocomposite photocatalysts.

To evaluate the feasibility of catalysts in practical appli-
cations, the stability and reusability of MOF-1/GO/Fe;0, cata-
lysts were investigated. In this work, the photocatalysts were
recovered by ultrasound and washed with water and ethanol.
The recovered sample was used in the next cycle, while all the
other reaction conditions remained unchanged. It can be seen
from Fig. 6a that the photocatalytic activity of the synthetic
photocatalysts had no obvious alterations during four consecu-
tive recycles for the degradation of MB, which suggested that
the MOF-1/GO/Fe;0, photocatalysts had high stability and can
be used for repeated disposal of MB dyes. The reusability and
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Fig. 6 The reusability of the MOF-1/GO/Fes0,4-9 nanocomposite for the degradation of MB (a). Effect of initial pH on the degradation of MB (b).

stability of these photocatalysts are more superior than most
of the MOFs-based photocatalysts reported to date.*” In
addition, the PXRD (Fig. S6at) and FT-IR (Fig. S6bt) data of
the fresh and used photocatalysts revealed that the MOF-1/GO/
Fe;0, nanocomposite had no discernible modification even
after four cycles of reaction, which verified the excellent stabi-
lity of the MOF-1/GO/Fe;0, nanocomposite as a photocatalyst.
To confirm the practical utility of the composited photo-
catalyst, we performed the photocatalytic degradation experi-
ment at different pH values. As shown in Fig. 6b, the catalyst
demonstrated excellent stability, which displayed a high photo-
catalytic activity in the pH range of 5-11. When the catalysts
contained GO, it overcame the sensitivity of the process to pH
due to the high functional groups of GO, verifying that the
MOF-1/GO/Fe;0, photocatalyst can be efficiently used in a
wide range of pH.*® Besides, the number of iron ions leaching
at low pH was measured by ICP (Table S37). The ICP results
demonstrate that the leaching of the iron ions at pH = 3 and 5
are 2.166 and 0.221 mg L', respectively, almost 1.6% and
0.2% compared to the MOF-1/GO/Fe;O, nanocomposite
(133 mg L7'). Therefore, the applicable conditions of the
material should be in the pH range of 5-11.%°

~
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Possible photocatalytic mechanisms

To understand the mechanism of photodegradation, AgNO;
(an e~ scavenger), EDTA-2Na (an h' scavenger), and tert-
butanol (a “OH scavenger) were used to trap e”, h*, and "OH to
detect major active species in the photocatalytic process
(Fig. 7a)." The addition of tert-butanol had no significant
effects on the photocatalytic degradation, demonstrating that
‘OH was not the reactive oxidation species in this reaction. In
contrast, the evidently inhibitory effects of AgNO; and
EDTA-2Na manifested that the photogenerated electron and h*
played key roles in the photocatalytic degradation of MB.

To get deeper insights into the photoinduced charge separ-
ation and transfer properties, the electrochemical impedance
spectroscopy (EIS) analysis was implemented.?® The results are
depicted in Fig. 7b; the MOF-1/GO/Fe;0, nanocomposite has a
smaller radius of curvature as compared to pure MOF-1,
demonstrating the most efficient charge separation over the
MOF-1/GO/Fe;0, nanocomposite.’>*® Therefore, the photo-
electric properties analyzed earlier obviously indicate that the
doping with GO and Fe;O, is an efficient approach for improv-
ing the light-harvesting ability and charge separation
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Fig. 7 Effect of different scavengers on the photodegradation of MB by MOF-1/GO/Fez04-9 nanocomposite under visible-light irradiation (a). EIS

Nyquist plots of MOF-1/GO/Fe304-9 and MOF-1 (b).
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efficiency, which is beneficial to improve the photocatalytic
activity.

Also, liquid chromatography-mass spectrometry (LC-MS) is
an effective method to further identify the mechanism of the
photocatalytic degradation reaction.”® As shown in Fig. S7,f
the initial concentration of MB after catalytic degradation
under visible light decreased with retention time at 6.22 min.
The peak of mass spectrometry was primarily caused by the
284 m/z fragment, which is identified as the molecular ion
peak of MB, indicating the degradation of MB. There is a
sharp peak at 1.13 min in the liquid chromatography data of
MB aqueous solution after the degradation, which is similar to
the liquid chromatography data of distilled water at 1.15 min.
It may be attributed to some components in the distilled
water. No other peaks were observed, indicating that there was
no stable production of active intermediates in the photo-
catalytic degradation process.

In addition, the Mott-Schottky measurements were per-
formed to study the enhanced photocatalytic mechanism of
MB degradation by MOF-1/GO/Fe;0,. As shown in Fig. 8a, the
positive slope of the straight line indicates that MOF-1/GO/
Fe;0, is an n-type semiconductor and its conduction band
potential (Ecg) is very close to the flat-band potential (Egg).
Therefore, the conduction band potential (Ecg) of the MOF-1/
GO/Fe;0, nanocomposites is extrapolated to about —0.78 V vs.
Ag/AgCl (=0.58 V vs. NHE),”> which is lower than 0,/'0,~
potential (—0.33 V vs. NHE),”® demonstrating that the photo-
generated electrons on the CB of the MOF-1/GO/Fe;0, nano-
composites are conducive to the reduction of O, (Fig. 8b).
Combined with the bandgap energy calculated by the UV-vis
DRS spectra, the valence band potential (Eyg) of the MOF-1/
GO/Fe;0, nanocomposites is calculated to be 1.61 V vs. Ag/
AgCl (1.81 V vs. NHE), which is lower than the redox potential
of "OH/OH™ (2.38 V vs. NHE), indicating that the MOF-1/GO/
Fe;0, nanocomposites cannot generate "OH radicals by oxidiz-
ing OH™ through h’, but directly oxidize MB. That is why "OH
has a negligible effect on the photocatalytic performance.

Combined with the above results, a tentative mechanism of
the semiconductor theory of the photocatalytic degradation of

10752 | Dalton Trans., 2020, 49, 10745-10754

MB over MOF-1/GO/Fe;0, nanocomposites was proposed.>” In
the process of photocatalysis, the interaction between the
photocatalyst and organic dyes was the key factor to improve
the performance of the photocatalytic degradation of organic
dyes, which usually occurred on the surface of the photo-
catalyst. The MOF-1/GO/Fe;O, nanocomposites were excited
and then the photogenerated electrons/holes were created
under visible-light irradiation. The photogenerated holes with
a strong oxidation capacity can directly oxidize MB.
Meanwhile, the photogenerated electrons were captured by the
GO, which hindered the efficient recombination of photogene-
rated electron-hole pairs.>**®*® Moreover, the unique 2D
structure of GO sheets made the photocatalytic reactions to
occur on the GO sheets and on the surface of MOF-1/GO/Fe;0,
nanocomposites; thus, increasing the active sites and provid-
ing more catalytic centers. Consequently, the MOF-1/GO/Fe;0,
nanocomposites showed great photocatalytic activities in the
photocatalytic redox reactions.

MOF-1/GO/Fe;0, + hv — MOF-1/GO/Fe;0, (h* +e7) (1)

MOF-1/GO/Fe;0, (e”) + GO — MOF-1/GO/Fe;0, + GO (e”)

2)

GO (e7) + 0, — "0, + GO (3)

'O, + MB — other products — CO, + H,O (4)
h* + MB — other products — CO, + H,0O (5)

Conclusions

We synthesized a novel composite photocatalyst MOF-1/GO/
Fe;0, for efficient MB degradation in aqueous solutions. It is
the first photocatalyst based on the Nd-MOF for degradation.
The photocatalytic performance of the MOF-1/GO/Fe;0, nano-
composites was up to 95% for the degradation of MB within
80 min under sunlight irradiation without any other reagents,
which is better than that of pure MOF-1 nanocomposites. The

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0dt01648a

Published on 03 June 2020. Downloaded by University of North Texas on 10/11/2020 11:22:01 PM.

Dalton Transactions

introduction of GO hindered the recombination of photogene-
rated electron-hole pairs and improved the optical absorption
properties of the MOF-1/GO/Fe;0, nanocomposites. Moreover,
the ternary composite demonstrated excellent stability over a
wide pH range. The performance of MOF-1/GO/Fe;O, nano-
composites for MB degradation presented in this work is the
best among the reported hybrid nanocomposite photocatalysts
based on MOFs. Furthermore, the MOF-1/GO/Fe;0O, nano-
composites could be easily recovered and reused from the
treated water through an external magnetic field, suggesting
low operating costs compared with traditional wastewater treat-
ment technology. This study opens up a new route to design
and synthesize new-style, visible light active photocatalysts for
wastewater treatment containing organic dyes in environ-
mental applications.
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