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H, production under visible-light irradiation
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With the aim of solving the increasingly serious problem of environmental pollution and the energy crisis,
in this work a novel NH,-MIL-53(Fe)/AgSCN (NMFA) composite photocatalyst was successfully prepared
through a one-step chemical precipitation method. The prepared composites demonstrate an excellent
photocatalytic performance for ciprofloxacin (CIP) and rhodamine B (RhB) degradation under visible-light
irradiation. Within 60 min, the degradation rate for CIP and RhB reached 90% and 100%, respectively,
which was 1.84/3.33 times and 1.79/2.04 times greater than that of the single NH,-MIL-53(Fe) and AgSCN
samples. Furthermore, the H, production rate of the NMFA-5 composite was 4742 umol gt h™, which was
5.25 and 17.37 times greater than that of the pure samples. Owing to the combination of NH,-MIL-53(Fe)
and AgSCN, the separation and transmission efficiency of the photon-generated carriers in the composites
was improved, which was demonstrated using optical characterization and a series of electrochemical
characterization techniques. In addition, a possible mechanism for the excellent photocatalytic
performance of the NMFA composites is discussed. The work in this paper may provide a technical
reference for the application of silver modified metal organic frameworks (MOFs)-based composite

Received 18th August 2021,
Accepted 19th October 2021

DOI: 10.1039/d1re00349f

Published on 19 2021. Downloaded on 04.12.2025 14:42:27.

rsc.li/reaction-engineering

1 Introduction

The environment has been extensively damaged by rapid
changes in the way humans live, resulting in soil,
atmospheric and water pollution.’™ Specifically, industrial
sewage containing organic dyes and antibiotics is a
particularly problematic form of pollution owing to the
structural stability and low concentration of the pollutants.
Many technological advances have focused on dealing with
this problem, such as the physical-chemical precipitation
method, membrane separation method, adsorption method,
biodegradation method, ultrafiltration and reverse osmosis
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photocatalysts for the treatment of environmental remediation.

techniques, and so on.*® Nevertheless, there are many

disadvantages to these methods, such as a lack of complete
degradation, weak selectivity, high costs, complicated
operation, and the formation of secondary pollutants.
Therefore, finding an efficient technique to deal with these
pollutants that is cheap, easy to operate and environment
friendly is urgently needed and would be of great significance.
On the other hand, air pollution can be caused by CO, CO,,
SO, and other gases, resulting from the burning of fossil fuels
and coal and emissions from motor vehicle exhaust fumes.”"°
Therefore, finding a clean and sustainable energy source can
not only avoid environmental pollution, but also be an
important means to solve the energy crisis. The higher
calorific value and clean final product (H,O) of H, fuel has
been highly praised by scientists, and it is deemed to be one
of the most ideal novel energy sources."’ For example, the
electrolysis of water, the biological enzyme method and the
photocatalytic water splitting method have been used for the
treatment of sewage.>* The photocatalytic H, emission
reaction (HER) accomplished by water decomposition is
regarded as the most economical method of water splitting."®

Photocatalytic ~technology has resulted in major
achievements in the treatment of water, energy development
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and N, fixation and reduction since the field of
photocatalysis was first reported in 1972 by Fujishima.'® In a
recent report, Sun et al. synthesized Co/Bi composites using
an in situ calcination process, which was used for the
degradation of ciprofloxacin (CIP) under visible light."” In
addition, Huang et al. successfully synthesized urchin-like
Ce0,/ZnO@Au composite photocatalysts that can almost
completely remove rhodamine B (RhB) from a sample within
20 min."® Chen et al prepared novel Ag;PO,/P-g-C3N,
composites through a two-step chemical route, which
enabled  highly efficient  photocatalytic = hydrogen
production.” Chen et al prepared the novel Bi,Ss/
KTay75Nbg,50; (KTN) and CuS/KTa,;5Nbg,50; (KTN)
heterojunction composites and applied them for N, fixation
and reduction.>®*' In short, photocatalysis is a green and
efficient oxidation technology and has shown advantages
such as a wide range of selectivity, the synthesis of green
products under mild conditions, and a good recyclability. In
particular, it has been widely used for the degradation of
antibiotics and organic dye pollution (such as CIP and RhB),
as well as to efficiently produce hydrogen at room
temperature.

Recently, metal organic frameworks (MOFs), which are a
combination of metal ions and organic ligands, have
attracted widespread attention from scientists because of
their large specific surface area, convenient processing
techniques, simple synthesis and other features, such as the
lack of pollution resulting from them.*?> As they contain a
high energy density Fe-O bond, Fe-MOFs possess an excellent
stability in organic solvents and water compared with other
MOFs.”* However, the Fe-MOFs still face challenges in
practical applications owing to problems such as a low
separation between the electrons and holes and the poor
transfer efficiency. In order to solve this problem, the
construction of heterostructure Fe-MOFs based composites
with other semiconductors seems to be a feasible method.
Among the various Ag-based materials, AgSCN has been
reported to be an excellent photocatalyst because of its high
structural stability and reasonable band gap structure.
Therefore, the Fe-MOFs and AgSCN composites may improve
the separation and transfer efficiency of the electrons and
holes, effectively enhancing the photocatalytic performance
of the composites.>*2°

Herein, in this work a NH,-MIL-53(Fe)/AgSCN (NMFA)
composites photocatalyst was successfully prepared using a
simple method, and the composites exhibited an excellent
photocatalytic activity, successfully removing the CIP and
RhB, and evolving H,. The field emission scanning electron
microscope (FESEM) and high resolution transmission
electron microscopy (HRTEM) results indicated there is close
contact between the NH,-MIL-53(Fe) and AgSCN.
Furthermore, the photoluminescence (PL), electrochemical
impedance spectroscopy (EIS) and transient photocurrent
response indicated that the separation and transfer efficiency
of the photogenerated electrons and holes were improved by
recombining a certain proportion of the AgSCN, therefore the
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photocatalytic performance of the NMFA composites was
significantly improved. The stability and recyclability of the
NMFA composites was evaluated for five cycles. Quenching
experiments and electron spin resonance (ESR) tests were
used to detect the activity of the free radicals in the catalytic
process. Furthermore, the possible photocatalytic mechanism
of degradation and H, evolution of the NMFA composites
were discussed, respectively.

2 Experimental
2.1 Reagents

All chemicals were commercially available and of analytical
grade, they were used without further purification. Sodium
thiocyanate (NaSCN), silver nitrate (AgNO;3),
2-aminoterephthalic acid (NH,-BDC), CIP and RhB were
purchased from Aladdin. Chloroplatinic acid (H,PtClg),
iron(m) chloride hexahydrate (FeCl;-6H,0), triethanolamine
(TEOA), eosin Y (EY), N,N-dimethyl-formamide (DMF),
hydrogen peroxide (30%, v/v), ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na), isopropyl alcohol (IPA), ascorbic
acid (AC) and ethanol (EtOH) were all purchased from
Sinopharm Chemical Reagent Co., Ltd (China).

2.2 Synthesis of the NMFA composites

2.2.1 Synthesis of NH,-MIL-53(Fe). NH,-MIL-53(Fe) was
prepared using the solvothermal method. Typically, 2 mmol
of NH,-BDC and 2 mmol of FeCl;-6H,0 were dissolved in 42
mL of DMF. After stirring uniformly at room temperature,
the solution was transferred to a Teflon-lined auto-clave and
kept at 150 °C for 3 h. Upon cooling to ambient temperature,
the slurry was vacuum filtered to obtain a brown product.
The filter cake was then washed with DMF and EtOH. The
product was dried overnight in a vacuum oven at 60 °C.

2.2.2 Synthesis of the NMFA composites. The NMFA
composites were obtained using the chemical precipitation
method by controlling the mass proportions of NH,-MIL-
53(Fe) versus AgSCN. Firstly, 0.2 g of NH,-MIL-53(Fe) was
dispersed in 40 mL of the mixed solution and ultrasound was
applied for 15 min. Then, a certain amount of NaSCN (0.1 M)
solution was added into the mixed solution at the specific
ratio. Subsequently, the suspension was transferred to a
magnetic stirrer and stirred vigorously for 1 h. After that, the
corresponding proportion of the AgNO; (1 M) solution was
dropped slowly into the suspension, and the mixed solution
was stirred for 24 h in the dark. Finally, after being filtered
and washed, the composite sample was vacuum dried
overnight at 60 °C, and the composites materials were
designated as NMFA-X, X = 3, 4, 5, 6, corresponding to the
amount of added AgSCN of 30, 40, 50, and 60 wt%. The
preparation process is shown in Fig. 1.

2.3 Characterization of the as-prepared composites

The morphology of the composite material was analyzed
using FESEM (ZEISS GeminiSEM 500, Germany) and HRTEM
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Fig. 1 Schematic illustration of the process for preparing the NH,-MIL-53(Fe)/AgSCN composites.

(TecnaiG2 F20 S-TWIN, FEI, USA). The elemental mapping of
NMFA-5 was carried out based on the FESEM
characterization. The functional groups of the as-prepared
simples were analyzed using Fourier transform infrared
spectroscopy (FT-IR, NICOLET 5700, USA). The crystal
structures were recorded using X-ray diffractometry (XRD,
Bruker D8 Advance, Germany), and the scanning angle range
was 5 to 60° The ultraviolet-visible diffuse reflectance

spectroscopy (DRS) spectrum of the as-prepared sample was
obtained on a UV-vis spectrophotometer (U-3900, Japan). The
binding energies of the elements in NH,-MIL-53(Fe), AgSCN
and NMFA-5 were performed using X-ray photoelectron
spectroscopy (XPS, Escalab 250XI, Thermo Fisher, USA). The
surface areas of the as-prepared sample were obtained using
Brunauer-Emmett-Teller (BET) analysis (Quantachrome
autosorb-iQ-2MP). The PL spectra with excitation wavelengths

Fig. 2 SEM images of (a) AgSCN, (b) NH,-MIL-53(Fe), (c)-(e) NMFA-5 and (f) NMFA-5 after H, production, element mapping results (g) and (h), and

EDX spectra (i) and (j) of fresh NMFA-5 and after H, production.
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Fig. 3 TEM images of (a) NH,-MIL-53(Fe) and (b) AgSCN; and HRTEM images of (c-f) NMFA-5.

of 375 nm were analyzed using a fluorescence spectrometer
(F-4600 FL, Japan). The photocurrent, EIS and Mott-Schottky
analysis were performed on a CHI 600 electrochemical
workstation (Shanghai, China). The light source used was a
300 W xenon lamp (PLS-SXE 300).

2.4 Photocatalytic degradation of CIP and RhB

In this study, the photocatalytic activity was recorded by
degradation of the CIP and RhB in solution and a 300 W Xe
lamp (4 > 420 nm) was used. Specifically, 20 mg of the
catalysts and 100 puL of H,0, (30%, V/V%) were added into
an aqueous solution of CIP or RhB aqueous solution (200 ml,
10%, V/V%) and stirred for 60 min in the dark. Then, 3 mL
of the reaction solution was extracted every 10 min for
analysis. The solid residues were removed using high speed
centrifugation before testing. The concentration of CIP was
analyzed via a PerkinElmer Lambda 35 spectrophotometer at
272 nm, and the inspection wavelength for RhB was set as
554 nm.

In addition, the highly efficient hydrogenation (HER) was
performed in a 150 mL quartz reactor, in which 20 mg of the
catalysts and quantitative EY and TEOA were added in 100
mL of aqueous solution. The solution was then kept under
an uninterrupted vacuum for 30 min to remove the dissolved
gas in the water. Before the reaction began, the gas

This journal is © The Royal Society of Chemistry 2022

chromatography collecting system was purged with nitrogen.
During the reaction period, the total H, production was
analyzed every 30 min, and the HER system was run for 4 h
to capture the full reaction.

3 Results and discussion

3.1 Characterization

The microstructures of the samples were observed by FESEM
and TEM and the images are shown in Fig. 2 and 3. The
microstructures of the AgSCN were observed to be spherical
from Fig. 2a and 3a.>’ NH,-MIL-53(Fe) appeared to be
spindle-shaped and was surrounded by irregular debris
(Fig. 2b and 3b), which could be attributed to the incomplete
growth process.”® As shown in Fig. 2c-e and 3c and d, the
FESEM and HRTEM images of the NMFA-5 composite
indicate that the AgSCN nanoparticles were anchored on the
surface of NH,-MIL53(Fe). The element mapping (Fig. 2g)
and HRTEM images (Fig. 3c and d) of the NMFA-5 composite
clearly show that the interface contact was formed between
the spindle-shaped NH,-MIL53(Fe) and AgSCN nanoparticles,
which is beneficial for the transmission of electrons. The
results of the element mapping and EDX characterization
both proved the existence of AgSCN nanoparticles on the
surfaces of the NH,-MIL53(Fe), which also demonstrated that
the NMFA composites were successfully synthesized. In

React. Chem. Eng., 2022, 7, 84-100 | 87
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Fig. 4 (a) and (b) FT-IR spectra of the as-prepared samples; and (c) and (d) XRD patterns of the as-prepared samples.

addition, as shown in the SEM (Fig. 2f), element mapping
(Fig. 2h), and EDX (Fig. 2j) images of the NMFA-5 composite
after H, production, it was observed that the morphology of
NH,-MIL-53(Fe) did not show any significant changes after
the reaction. In addition, the element mapping and EDX
characterization also show that the AgSCN nanoparticles still
exist on the surfaces of the NMFA-5 composite after the
reaction. Furthermore, as shown in Fig. 3e for the NMFA-5
composite, the interplant spacing of AgSCN was 0.241 nm,
which represented the (021) planes of the AgSCN. The
connection pitch of the composites was 0.402 nm, which
indicated that the composites were successfully synthesized.
The characteristic functional groups and crystal type
information of the as-prepared NH,-MIL-53(Fe) and NMFA
composites was identified using FT-IR and XRD
characterization. As shown in Fig. 4a, the NMFA composites
contained both the characteristics of AgSCN and NH,-MIL-
53(Fe). Specifically, the vibrational bands located at 505, 707,
1069, and 2089 cm™' represented the bending, symmetric
stretching, bending overtones and asymmetric stretching
vibrations of the SCN™* group,?® respectively. More precisely,
the characteristic vibrational bands of 707 and 2089 cm™
could be attributed to the S-C and C-N groups.”®*" At the
same time, the broad peak at 3450 cm™' for all of the
prepared samples could be attributed to the v(OH) stretching,
and the weak band at 1620 cm ™" indicated that the composite
existed in the AgSCN structure. The bands at 521, 768, 1255
and 3454 cm™" were attributed to the Fe-O, C-H vibration of

88 | React. Chem. Eng., 2022, 7, 84-100

the benzene rings, and the C-N and N-H vibrations of the
amino group, respectively.>*** In short, the characteristic
vibrational bands of the NMFA composites were very similar
to those of the SCN™" functional group, for which the bands
were close to 770 and 2000 cm ™. This conclusion proved that
the NMFA composites were successfully synthesized. Notably,
the vibrational band of the C-N functional group of AgSCN
could overlap with the C-H vibrational band of the benzene
ring of NH,-MIL-53(Fe), which might lead to only one
absorption peak being observed. XRD patterns of the as-
prepared samples are shown in Fig. 4c. From the figure, it
can easily be seen that the crystallographic features of NH,-
MIL-53(Fe) and AgSCN were consistent with those reported
previously.*® Specifically, the characteristic peaks at 9.2, 10.4,
13.1, 18.6, 20.8, and 25.1° were well matched with the
standard in the card library for the Fe-MOFs, indicating that
the NH,-MIL-53(Fe) was successful synthesized. Otherwise,
the four strong peaks at 15.0, 18.9, 28.9, and 32.8° of the
AgSCN composite also matched well with the standard in the
card library (PDF #29-1443), which could be indexed to the
lattice plane of (-110), (111), (-202), and (221). The
diffraction peaks of the NMFA composites were well-matched
with the corresponding pure samples, which not only show
that the structure was not changed during the synthesis
process, but also further proved that the composites were
successfully prepared. Furthermore, it can be observed that
the characteristic peak of NH,-MIL-53(Fe) became much
weaker following the increase in the proportion of AgSCN in

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 XPS spectra of (a) the survey scan, and (b) C 1s, (c) N 1s, (d) S 2p, (e) Ag 3d, and (f) Fe 2p for the samples.

the NMFA-x compounds. Whereas the characteristic peak of
AgSCN became much more obvious in contrast.

XPS measurements were used to reveal the chemical
composition of the samples, and the results are displayed in
Fig. 5. The full spectrum shows that NMFA-5 consisted of C,
N, O, S, Fe, and Ag elements. Fig. 5b shows the C 1s
spectrum of the NMFA-5 composite, the four peaks at 284.8,
286.1, 286.6 and 288.4 eV can be attributed to the C-C, C-0O,
SCN™" and C-C=N groups,>® respectively. This indicates that
the NMFA composites were successfully synthesized, and the
subtle difference in the C-O group can be attributed to the
SCN™ groups. As shown in Fig. 5b in the N 1s spectrum of the
NMFA-5 composite, there was only one peak located at 398.8
eV. Fig. 5d shows the S 2p spectrum of the composites, from
which the two peaks at 163.2 and 164.4 eV can be easily
found. The N 1s and S 2p characteristic peaks were both

This journal is © The Royal Society of Chemistry 2022

attributed to the SCN™ group of the NMFA-5 composite.
However, it is worth noting that the N 1s peak shows a
greater difference, while the S 2p does not. This indicates
that the S element may play a major role in the SCN™ group.
As shown in Fig. 5e, the two peaks at 368.5 and 374.5 eV
could be attributed to the 3d,;s and 3d,,; states of Ag".**
Finally, as shown in Fig. 5f in the spectrum of Fe 2p, the two
characteristic peaks at 712.0 and 725.5 eV correspond to Fe
2ps,» and Fe 2p;,. Meanwhile, there was a satellite signal
located at 715.5 eV, which suggested that the Fe exists as a
positive trivalent state.>® However, the satellite signal peak of
the NMFA-5 composites was centered at 716.5 eV, which was
higher in energy than that of the pure NH,-MIL-53(Fe). In
particular, it can be observed that the satellite signal of Fe
2ps/, shows a slight change in the peak offset intensity (from
1.1 to 1.0 eV). This negative shift can be attributed to the

React. Chem. Eng., 2022, 7, 84-100 | 89


https://doi.org/10.1039/d1re00349f

Published on 19 2021. Downloaded on 04.12.2025 14:42:27.

View Article Online

Paper Reaction Chemistry & Engineering
0.8 2aSCN = =
—Ag K .
o —nvra3 (@) (b)
' =NMFA-4 = NH,-MIL-53(Fe)
e NMF A-5
0.6 - a— NMFA-6 ~——AgSCN
'; o= NH,-MIL-53(Fe)
&0.5
[ o~
2 =
90.4— §
o
3 0.3 4
< 2.70 eV
0.2
0.1
0 =
00 T T T T T T T T T T T 1 . T
200 250 300 350 400 450 500 550 600 650 700 750 800 2 3

Wavelength(nm)

10
(c)

8 J=—NH,-MIL-53(Fe)
—— AgSCN

o
1

1/(C¢*Cg)le+10FA-2
»
1

N
1

04— T T T

T
-05 -04 -03 -02 -01

T T
00 01 02 03 04 05

Potentiallv

Fig. 6 (a) UV-vis DRS spectra, (b) plots of (ahv)? versus (hv) and (c) Mott-Schottky plots for the samples.

increased electron density of Fe**, and the binding energy of
the peak representing Fe 2p,,, shifts slightly (from 712.0 to
711.9 eV). Furthermore, this negative movement
phenomenon indicates that the Fe*" electron density is
increased in the NMFA-5 composite. On the other hand, it is
indicated that van der Waals forces (VDW) may exist between
NH,-MIL-53 (Fe) and AgSCN. In summary, the binding
energies of the characteristic peaks for the C, N, and Ag
elements of the NMFA-5 composites do not show much
difference compared to those of the pure AgSCN, which can
be attributed to the effect of the electronegativity of S in the
SCN™ group. The binding energies of Fe’" in the NMFA-5
composites became stronger, which could be caused by the
effect of intimate contact between the surfaces of these two
composites.

The optical adsorption performances of the synthesized

samples were further measured using a UV-vis

Table 1 Calculated Eg, Evg and Ecg potentials of the prepared samples
based on the UV-vis results

Sample serial number E, (eV) Eyg potential (eV) Egp potential (eV)

NH,-MIL-53(Fe) 2.70 2.23 -0.47
AgSCN 3.55 3.16 -0.39

90 | React. Chem. Eng., 2022, 7, 84-100

spectrophotometer and the spectra are shown in Fig. 6a.
These results indicate that the NMFA composites exhibited a
slightly weaker adsorption in the visible light region than in
the pure light region. This indicates that the improvement of
the photocatalytic performance might be significantly
affected by some of the other aspects, such as the separation
and transportation of the photo-generated electron-hole.
Furthermore, the band-gap energy (E,) was obtained using
Tauc plots ((ahv)’ = A(hv - E,)).>® As shown in Fig. 6b and c,
the optical band gap of NH,-MIL-53(Fe) and the AgSCN
composites were calculated and found to be 2.70 and 3.55 eV.
The conduction band (Ecp) potential of the catalysts was
obtained from the Mott-Schottky plot (Fig. 6¢). In addition,
the valence band (Evg) potential could be obtained using the
formula E, = Eyg - Ecp.”” Detailed results are listed in
Table 1.

Fig. 7 and Table 2 exhibit the surface area and pore
structure parameters of the samples obtained using the BET
method. The surface area of the samples follows the rule of
NH,-MIL-53(Fe) > NMFA-3 > NMFA-4 > NMFA-5 > NMFA-6
> AgSCN. The results showed that the introduction of AgSCN
could increase the thickness of NH,-MIL-53(Fe), thereby the
average particle size of the NMFA composite increased while
the specific surface area decreased. Furthermore, all the
curves for the samples showed typical type IV isotherms and

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 The N, adsorption-desorption isotherms for the (a) AGSCN and NMFA-x, (b) NH,-MIL-53(Fe).

type H3 hysteresis rings, which could be attributed to the
overlap between the composites.*®

3.2 Photocatalytic activity

Fig. 8 shows that the photocatalytic activity of the NMFA-5
composites was the highest among the as-prepared catalysts.
The degradation rate reached more than 90% for CIP within
60 min over the NMFA-5 composites, while for the pure NH,-
MIL-53(Fe) and AgSCN it only reached 50% and 27%. In
addition, the degradation constants (k) of the NMFA-5, pure
NH,-MIL-53(Fe) and AgSCN were calculated as 0.03666,
0.00334, and 0.00088 min™", respectively (Fig. 8e). In the
same way, the degradation rate reached almost 100% for RhB
within 60 min over the NMFA-5 composites, while for the
pure NH,-MIL-53(Fe) and AgSCN the rates were just 55% and
49%. In addition, the degradation constants (k) of the NMFA-
5, pure NH,-MIL-53(Fe) and AgSCN were calculated as
0.09652, 0.00793, and 0.01044 min™", respectively (Fig. 8f). As
NH,-MIL-53(Fe) possesses a much larger surface area
(119.569 m* g') than the AgSCN (3.105 m* g™), which may
be conducive to the high adsorption properties. Furthermore,
the band gap of NH,-MIL-53(Fe) was 2.70 eV, which should,
in theory, show a good photocatalytic performance, while the
results showed that the photocatalytic activity was not as
high as expected. This may be related to the low separation
and transfer efficiency of the photogenerated electrons and
holes for the single NH,-MIL-53(Fe). In sharp contrast, the
NMFA composites all exhibited a much higher photocatalytic

Table 2 Detailed list of the surface area, pore volume and pore size of
the samples

Pore Average
SpET Average pore volume particle size

Sample (m*>¢™") diameter (nm) (cm®g™') (nm)
NH,-MIL-53(Fe) 119.569 17.321 0.588 22.806
AgSCN 3.105 4.888 0.018 878.371
NMFA-3 103.861 3.852 0.219 26.259
NMFA-4 83.683 3.812 0.180 32.590
NMFA-5 69.457 3.806 0.147 39.266
NMFA-6 60.253 3.823 0.106 45.264

This journal is © The Royal Society of Chemistry 2022

performance than that of the pure samples, which could be
attributed to the fact that the contact surface between NH,-
MIL-53(Fe) and AgSCN improved the separation and transport
efficacy of the photogenerated electrons and holes. The
detailed effects of NMFA on CIP and RhB photodegradation are
shown in Table 3. In addition, Table 4 lists some of the typical
photocatalysts used for the degradation of CIP or RhB that have
been reported in recent years. Notably, although the dosage of
the catalyst was significantly lower than the others, the
photocatalytic activity of the NMFA composite was as high as
that of the other novel photocatalysts. Furthermore, the
photocatalytic performance of the NMFA composite was still
maintained at a high level when the light source was restricted
in the visible region. In light of these results, it can be
concluded that the as-prepared NMFA composites exhibit
competitive photocatalytic performances.

Furthermore, the photocatalytic stability is an important
parameter that can be used to evaluate the catalysts from the
perspective of practical applications. Cycling experiments
were performed using the NMFA-5 composite for the
degradation of CIP and RhB (Fig. 9a and b). The degradation
rate of CIP and RhB for the NMFA-5 composite was
maintained above 80% and 85% after five cycle experiments,
respectively. The small decrease in the degradation rate can
obviously be attributed to the inescapable leaching of the
catalysts during the cycling experiments. Furthermore, there
was no obvious difference displayed from the XRD pattern,
which indicates the good stability of the as-prepared NMFA-5
composite (Fig. 9c). This could be attributed to the good
protective effect of NH,-MIL-53(Fe) with the introduction of
AgSCN. Therefore, the NMFA composites exhibited a good
structural and catalytic stability during the degradation.

Furthermore, the yield of H, evolution during the
photocatalytic process under visible light radiation was also
used to evaluate the photocatalytic performance of the as-
prepared samples. The effect of the photosensitizer EY on the
hydrogen production performance of the NMFA-5 composite
is discussed first. As shown in Fig. 10a and b, the
photocatalytic system with 30 mg EY showed the highest
hydrogen production, the amount and rate of H, evolution
were 298.09 umol and 4742.43 umol g h™', respectively. This
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Fig. 8 The photocatalytic performance of the samples for the degradation of CIP and RhB (a and b), the Pseudo-first-order kinetics curves (c and
d) and the degradation constants k (e and f).

Table 3 Detailed list of the photocatalytic performances of the prepared

samples

Sample CIP (%) RhB (%) k(CIP)  k(RhB)
NH,-MIL-53(Fe)(single) 49 56 0.00334  0.00793
NH,-MIL-53(Fe) 63 78 0.00857  0.02120
AgSCN(single) 27 49 0.00088  0.01044
AgSCN 32 45 0.00678 0.00892
None 4 3 0.00006  0.00023
H,0, 12 9 0.00046 0.00110
NMFA-5(single) 43 40 0.00497  0.00411
NMFA-3 81 82 0.02420 0.02596
NMFA-4 84 90 0.02950 0.03599
NMFA-5 90 100 0.03666  0.09652
NMFA-6 71 80 0.01695 0.02310
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result indicates that the amount and rate of hydrogen
generated at different EY concentrations initially increased in
the early stage and then decreased. This phenomenon could
be attributed to the shielding effect of the photosensitizer.**
Furthermore, the effect of TEOA on the hydrogen production
performance of the NMFA-5 composite was also discussed. As
shown in Fig. 10c and d, the photocatalytic system with 10
mL of TEOA showed the highest hydrogen production
performance, and the amount of H, evolved was 298.21 umol.
It is worth noting that the highest hydrogen production rate
in the first 30 min was 6305.80 umol g h™ when the
content of TEOA was 5 mlL, after that the rate decreases
sharply. This phenomenon could be attributed to the contact

area of the TEOA

and the catalysts. As the reaction
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Table 4 Comparison of the photocatalytic efficiency of the NMFA composites and relevant catalysts reported in recent years

Samples Amount of catalyst (g L") Pollutants (ppm) Xenon lamp (W) Degradation rate (%) Ref.
AgSCN 3 10, RhB 300 (<420 nm) 93.2 39
Bi,05-TiO,/PAC 1 20, CIP 300 (<420 nm) 96.9 40
NH,-MIL-53(Fe) 0.25 10, RhB 500 (>420 nm) 86.16 M
NMFA-5 0.1 10, CIP 300 (>420 nm) 90.0 —
NMFA-5 0.1 10, RhB 300 (>420 nm) 100 —

progresses, the contact surface cannot be replenished and
leads to a sharp decrease in the hydrogen production rate
when the TEOA concentration is low. In addition, the NMFA-
5 composite was repeatedly measured under the optimal
conditions (the system contains 30 mg of EY and 10 mL of
TEOA). As shown in Fig. 11a-c, the NMFA-5 composite
showed a stable performance for the photocatalytic cracking
of water to produce H,. Fig. 11d-f shows the time course
and rate of hydrogen generation for the NH,-MIL-53(Fe),
AgSCN and NMFA-x photocatalysts. The NMFA composites
showed an obviously higher activity for photocatalytic
hydrogen generation and the amounts of hydrogen
produced were 142.48, 242.58, 298.21, and 244.18 pmol,
respectively. The amount of hydrogen produced using
NMFA-x was 1.97, 3.36, 3.13, 3.38, 6.52, 11.11, 13.65, and
11.18 times higher than that produced using NH,-MIL-
53(Fe) and AgSCN, respectively. At the same time, the

CIP

B 1 st run
B 2 nd run
B 3 rd run

4 th run

I 5 th run

amount of H, evolution was only 72.26 and 21.84 pmol for
the pure samples. This may be due to the lower transfer
efficiency of the photogenerated electrons and holes.
Furthermore, the high recombination rate of the electron-
hole pairs may not be conducive to the reduction of H' in
water by the photogenerated electrons to generate H,.**

3.3 Charge separation efficiency and radical capture

In order to verify the mechanism of the enhanced
photocatalytic performance for the NMFA composites, the
spectra for the separation, migration and recombination of
the photogenerated electron-hole pairs in the NMFA
composites were studied. Firstly, the transient photocurrent
response spectrum was used to analyze the separation
efficiency of the electrons and holes. As shown in Fig. 12a,
the NMFA-5 composite showed obviously enhanced

RhB
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(a and b) Catalytic cycle test results and (c) the XRD patterns of the NMFA-5 sample before and after the cycling test.
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Fig. 10 The effect of the photosensitizer EY (a) and (b) and TEOA (c) and (d) on the H, production performance.

photocurrent intensities compared to those of the pure
samples. Similarly, the transfer efficiency of the
photogenerated charges for the as-prepared composites was
analyzed using EIS and Nyquist plots. As shown in Fig. 12b,
the NMFA-5 composite obviously exhibited the smallest sized

radius arc compared to those of the pure samples. The
results indicated that the rapid movement of photogenerated
carriers through close contact between NH,-MIL-53(Fe) and
AgSCN was more effective. Furthermore, the PL emission
intensity reflected the separation effect of the photo-
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Fig. 11 The H, evolution performances of the NMFA-5 composites for five cycles (a)-(c), and different samples (d)-(f) under the same reaction

conditions.
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Fig. 14 The ESR spectra of (a) h*, (b) 'OH and (c) ‘O,  generated using the NMFA-5 composites.

generated charge. As shown in Fig. 12c, the peak for the
NMFA-5 composite was much lower than that of the pure
samples. The results indicated that the close contact
between NH,-MIL-53(Fe) and AgSCN could enhance the
separation efficiency of the photogenerated electrons and
holes.

Generally, the photocatalytic mechanism is studied using
active species trapping experiments. The hydroxyl radicals
('OH), superoxide radicals (‘O,) and holes (h") were
eliminated using IPA (1 mmol), BQ (benzoquinone, 1 mmol),
and EDTA-2Na (1 mmol) during the photocatalytic removal of
pollutants in wastewater, respectively. The quencher was
dissolved in wastewater before the adsorption and desorption
equilibrium was reached. As shown in the experimental
results shown in Fig. 13, it is indicated that the
photocatalytic performance of the NMFA-5 composites was
significantly inhibited compared with the results obtained
without the addition of an elimination agent. From the
experimental results, it can be easily observed that the
greatest inhibitory effect was found upon adding IPA during
CIP degradation. This indicated that the ‘'OH occupies an
important position in the CIP degradation process.
Correspondingly, the h” played a more prominent role than
the 'OH radicals in the RhB degradation process, which
might be attributed to the characteristics of different
pollutants. In addition, the superoxide radicals ('O,") only
provided a small contribution to the degradation of CIP and
RhB, indicating that ‘O, played a small role in the reaction.

96 | React. Chem. Eng., 2022, 7, 84-100

To further understand the influence of the h” and "OH
radicals in the photocatalytic process, ESR measurement was
performed for the NMFA-5 composite. During the ESR
measurement, the free radical signals were recorded in the
same period of time at room temperature under xenon lamp
radiation. Specifically, about 20 mg of the samples were added
into the solution containing 50 mM of the spin trapped
reagents, which were 5,5-dimethyl-1-pyrroline N-oxide (DMPO)/
H,0, methanol/DMPO and 2,2,6,6-tetramethyl-piperidinooxy
(TEMPO)/chlorpromazine hydrochloride for the trapping of the
radicals ‘OH, ‘0,7, and h", respectively. As shown in Fig. 14a,
the three strong characteristic peaks belonging to the h*
decreased as the illumination time increased, which indicated
that the h' radical participated in the process of degradation.
As shown in Fig. 14a, the peak intensity of the four
characteristic peaks increased with the increased irradiation
time, which indicated that the h" radical participated in the
process of degradation. Furthermore, as shown in Fig. 14b, four
characteristic peaks for 'OH were detected after the light was
switched on. In addition, the peak intensity increased with
the prolonged irradiation time, which indicated the existence
of the 'OH radical during the process of degradation. In
addition, as shown in Fig. 14c, the peak intensity of the six
characteristic peaks also increased with the prolonged
irradiation time. The results indicated that the 'O, radicals
were also produced during the photocatalytic degradation
process. The oxidation potential of the free radicals was
proportional to the oxidation capacity in the optical Fenton

This journal is © The Royal Society of Chemistry 2022
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system. In particular, the oxidation potentials for the OH’
and 'O, radicals were 2.73 and 1.3 eV, respectively. As
expected, the "OH radicals were obtained before the 'O,"
radicals in the optical Fenton system. Therefore, the 'O,"
radicals played a small role in the contaminant photo-
degradation process.

3.4 Mechanism of photocatalysis

UV-vis DRS and Mott-Schottky characterizations are
considered, in theory, to be the most effective means to
explore the photocatalytic mechanism of the composites. As
shown in Fig. 7, the E, of NH,-MIL-53(Fe) and AgSCN were
calculated as 2.70 and 3.55 eV, and the Eqg values were found
to be —0.47 and -0.39 eV, respectively. Therefore, the Eyg of
NH,-MIL-53(Fe) and AgSCN were +2.23 and +3.16 eV
according to the formula E; = Eyg — Ecp. As shown in Fig. 15,
when the NMFA-5 composites were irradiated using visible
light, the photogenerated electrons were excited on the
surfaces of the NH,-MIL-53(Fe) and participated in the
reduction of Fe®'. At the same time, the electrons on the

This journal is © The Royal Society of Chemistry 2022

conduction band (CB) of AgSCN undergo directional
migration to the valence band (VB) of NH,-MIL-53(Fe) owing
to the large number of h' that accumulate on the VB of NH,-
MIL-53(Fe). In addition, the h" could take part in the
degradation of the pollutants, which originates from that
remaining in the VB of AgSCN. At the same time, the mutual
conversion between Fe®* and Fe’* in the optical Fenton
system could generate free radicals for the degradation of
pollutants molecules. However, the free radicals h', ‘OH, "O,~
played difference roles in the degradation of different
pollutant molecules. This may be caused by the selectivity of
the NMFA-5 photocatalyst to the pollutants with different
characteristic groups. However, the mechanism for the
visible-light photocatalytic H, evolution of the NMFA-5
photocatalyst was different from the photo-degradation
reaction. Owing to the wide band gap of AgSCN (E, = 3.55 eV)
and the fact that EY and AgSCN were employed as the
photosensitizer and co-catalyst during the photocatalytic
reaction, respectively. The photogenerated electrons at a high
potential on EY could migrate in the direction of a low
potential if the system absorbs visible light (route 1). After
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that, the electrons accumulated on the CB of NH,-MIL-53(Fe)
could migrate to the more negative CB of AgSCN. On the
other hand, the electrons on the CB of EY could also directly
migrate to the CB of AgSCN in one step (route 1). Finally, the
high concentration of electrons accumulated on the CB of
AgSCN could reduce the H' in the water to produce Ho.
Furthermore, the h' in the VB of eosin Y and NH,-MIL-53(Fe)
reconverted to the ground state using the electron donor to
maintain the balance of electrons and holes in the
photocatalyst. This mechanism allowed H, production to
proceed in an orderly manner.

4 Conclusion

In this research, highly active NMFA composites
photocatalyst was successfully preparation through a
chemical precipitation method. The prepared photocatalyst
shows highly effective photocatalytic activity for CIP and RhB
degradation, as well as excellent H, evolution efficacy. For
the NMFA-5 composite, a degradation rate as higher as 90%
and 100% was achieved for CIP and RhB degradation within
60 min. In particular, the degradation rate for the NMFA-5
composite was 1.8 and 1.82 times greater than that of the
pure NH,-MIL-53(Fe) and AgSCN samples for CIP
degradation, and 3.3 and 2.08 times for the degradation of
RhB. In addition, the highest H, production rate obtained for
the NMFA-5 composites catalyst was 4742 pmol g~ h™, which
was 5.25 and 17.37 times greater than that of the pure
samples. Optical characterization and a series of
electrochemical characterization methods were used to
analyze the composite microstructure and morphology. The
PL, EIS and transient response current results jointly indicate
that the composite material showed an excellent charge
separation and transfer efficiency. In summary, the excellent
photocatalytic performance of the NMFA-5 composites may
provide potential solutions to environmental and energy
issues.
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