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In this work, we have successfully prepared core—shell nanoparticles (FesO4@PDA) wrapped with Ag using

a simple and green synthesis method. Without an external reducing agent, silver nanoparticles (Ag NPs) with
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good dispersibility were directly reduced and deposited on a polydopamine (PDA) layer. FesO,@PDA@AgQ

showed excellent catalytic activity and recyclability for 4-nitrophenol, and also exhibited good catalytic

DOI: 10.1039/d1ra09187e

rsc.li/rsc-advances for other catalytic applications.

1. Introduction

4-Nitrophenol (4-NP), as one of the main sources of pollution in
modern industrial wastewater, is considered to be an important
threat to the environment and human health."* Therefore,
timely removal of pollutants in water is of great significance to
environmental health and human sustainable development. As
a treatment method of 4-nitrophenol, catalysis can not only
promote the rapid and efficient degradation of 4-NP, but also
produce 4-aminophenol,® an important chemical raw material.
In addition, the cationic dye methylene blue (MB) and the
anionic dye methyl orange (MO) are two typical organic dyes
that pose a great threat to both ecosystems and human health
too. Therefore, it has become urgent to find methods for fast
and efficient treatment of organic dyes. Compared to other
methods (such as adsorption, ozonation, and biodegrada-
tion),*” catalysis has significant advantages. In the catalytic
reduction of organic dyes, it has been reported that noble metal
nanochemistry (e.g. Pt, Pd, Au, Ag)*** has shown excellent
catalytic activity.

Silver nanoparticles (Ag NPs) in various kinds of catalytic
reactions are highly stable and efficient,"”* and Ag NPs are
favored by industrial production due to lower production costs
compared to other noble metal nanometals (e.g. gold, platinum,
palladium). However, silver nanoparticles have a strong
tendency to reduce specific surface area and form large aggre-
gates, which will reduce surface active sites and catalytic

“School of Materials Science and Engineering, Jiangsu University of Science and
Technology, Zhenjiang, 212100, China. E-mail: zhouhaijun@just.edu.cn

*Ministry of Education Key Laboratory of Advanced Civil Engineering Materials, School
of Materials Science and Engineering, Tongji University, Shanghai, 201804, China.
E-mail: ruiliu@tongji.edu.cn

available. See DOL:

+ Electronic  supplementary  information

10.1039/d1ra09187e

(EST)

© 2022 The Author(s). Published by the Royal Society of Chemistry

selectivity for organic dyes (MO and MB). This simple and green synthesis method will provide a platform

performance.” Therefore, avoid of aggregation and preparing
Ag NPs particles with good monodispersity have become the
priority tasks of preparing highly efficient and stable nano-
catalysts. In the past few decades, the immobilization of
nanoparticles in carriers (such as activated carbon, ZIF8, gra-
phene, polymers)'*"® has been used to solve the above
problems.

Polydopamine (PDA) has attracted attention because of its
ability to coat almost all kinds of materials and its unique
functionality.*® Polydopamine molecular chains are rich in
many phenolic hydroxyl and amino functional groups, which
are highly chemically active and can be surface modified to
achieve a wide range of applications for PDA functional mate-
rials.”*** The addition of Fe;0,4 not only can enable rapid recy-
cling and reusing of catalytic materials, but also provide
a template for DA polymerization and form the Fe;O,@PDA
core-shell structure, which will provide a larger specific surface
area and further improve the functional performance of the
material. Shi and his colleagues* used polydopamine to coat
and chelate MnO, on the surface of Fe;0,4, which showed good
adsorption properties for Pd.

Herein, an improved method has been used to modify Ag
NPs on the PDA coating of Fe;0,@PDA NPs. In the synthesis
process, Fe;04 NPs provided a stable adhesive template for PDA
to realize the formation of Fe;O,@PDA core-shell structure.
Meanwhile, Fe;0, NPs were superparamagnetic to ensure the
fast and effective recovery of the material after the reaction was
completed. PDA worked as both a support and a reducing agent
at the same time. The synthetic process was green, pollution-
free and did not involve additional reducing agent. It could
effectively prevent the aggregation of silver nanoparticles and
improve the catalytic cycle and stability of silver nanoparticles.
At the same time, the surface of the material was negatively
charged due to the presence of Ag NPs, which resulted in a good
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selectivity and catalytic performance for other organic pollut-
ants (MB and MO).

2. Materials and methods
2.1 Materials

Iron chloride hexahydrate (FeCl;-6H,0), trisodium citrate
dihydrate, ethylene glycol, sodium acetate anhydrous, dopa-
mine, hydrochloric acid, sodium borohydride, silver nitrate, 4-
nitrophenol (4-NP), methylene blue, and methyl orange were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were used as received.

2.2 Synthesis of Fe;04 and Fe;0,@PDA

The synthesis of Fe;O, and Fe;O,@PDA nanoparticles was
carried out according to the following procedure.** Briefly,
1.08 g of ferric chloride hexahydrate (FeCl;-6H,0) and 0.46 g of
trisodium citrate were put into 40 ml of ethylene glycol to form
a dispersed solution through stirred at room temperature.
Then, 2.4 g of anhydrous sodium acetate was added to the above
solution. The above mixed solution was stirred for half an hour
and transferred to a closed polytetrafluoroethylene reactor,
which took place for 12 h under a temperature of 200 °C. After
completion of the reaction, the reactor was cooled to room
temperature. The black precipitate was collected using
a magnetic block and washed with deionized water and ethanol
repeatedly. Then, the obtain black powder was dried under
vacuum at 60 °C for 6 h. 40 mg of Fe;O, particles and 120 mg of
dopamine were uniformly dispersed in 50 ml of Tris-HCI
(10 mM, pH = 8.5) solution. The reaction system was stirred for
3 hours at room temperature. The final product was obtained
through separated magnetically and washed with deionized
water and ethanol, then dried at 60 °C for 6 h in a vacuum oven.

2.3 Synthesis of Fe;0,@PDA@Ag nanoparticles

Briefly, 20 mg of Fe;0,@PDA nanoparticles were dispersed in
50 ml of silver nitrate (1 mM) aqueous. Then, the reaction was
continued for 20 minutes under sonicating at room tempera-
ture. The final product was magnetically separated and washed
with deionized water and ethanol for multiple times, and then
dried in vacuum at 60 °C for 6 h.

2.4 Catalytic performance test

In order to investigate the catalytic performance of the obtained
Fe;0,@PDA@Ag nanoparticles, we selected 4-NP as model
molecules to characterize the process. In the catalytic experi-
ments, fresh NaBH, (10 ml, 0.1 M) solution was added to 4-NP
solution (20 ml, 0.1 mM) at room temperature. Fe;0,@PDA@Ag
(10 mg) was added to 4-NP solution to catalyze the reduction
reaction. The progress of this catalytic reaction was monitored
using UV-vis spectroscopy at room temperature. For the next
recycling experiment, the used Fe;O,@PDA®@Ag nanoparticles
was recovered by magnetic separation, and was then washed
with deionized water and ethanol thoroughly several times. The
catalytic process was repeated for 10 consecutive cycles using
the same solid powder with new fresh 4-NP and NaBH, aqueous
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solution. The first-order kinetic equation was used to evaluate
the catalytic performance of Fe;0,@PDA@Ag material for 4-NP:

In(C/Cy) = kt

where C, and C, were the concentrations of 4-NP at time 0 and .
The same method was used for the catalytic characterization of
MB and MO.

2.5 Characterization

Transmission electron microscopy (TEM) images were obtained
by JEM-2100F operated. Scanning electron microscope (SEM)
images were obtained by Zeiss Merlin compact field emission
with an accelerating voltage of 20 kV. The Fourier-transform
infrared (FTIR) spectra were recorded on the Bruker Equinox
55 spectrometer in transmission mode. The scan range was
from 4000 to 500 cm ™', The magnetic properties of the products
were characterized using a HH-20 VSM with an applied field
between —1500 and 1500 Oe at room temperature. UV-vis
absorption spectra were recorded on a UV-3600 spectropho-
tometer (Shimadzu, Japan). Zeta potentials were measured
using the NanoBrook 90Plus Zeta nano grain sized analyzer
(Brookhaven, USA). X-ray diffraction (XRD) patterns were
analyzed on a XRD-6000 X-ray diffractometer (Shimadzu,
Japan). X-ray photoelectron spectra (XPS) were recorded on Axis
Ultra DLD system using Al Ko radiation.

3. Results and discussion

Fig. 1 illustrated the synthesis process of Fe;O0,@PDA@Ag.
Usually, Fe;0,@PDA was synthesized through mixing Fe;O,
NPs with Tris-buffer containing dopamine. Afterward, Fe;-
0,@PDA NPs entrapped satellite Ag were prepared through
dispersing Fe;0,@PDA NPs in silver nitrate solution by ultra-
sonic treatment at room temperature. Compared with uncoated
Fe;0, (Fig. 2a), scanning electron microscopy (SEM) images

PDA layer
—

AgNO;
aqueous solution

Ag NPs

Fe,0,@PDA@Ag

Fig. 1 Schematic illustration of formation

FesO,@PDA@AG.

procedure for
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showed that the Fe;O, NPs coated with PDA (Fig. 2d) have
a smooth surface and a diameter of about 330 nm. Trans-
mission electron microscopy (TEM) images (Fig. 2b) showed
that the Fe;O, NPs were close to spherical in shape and uniform
in size with a diameter of ~305 nm with good dispersion. TEM
images in Fig. 2e showed that Fe;O,@PDA NPs were uniformly
spherical and the thickness of PDA shell was ~20 nm. Fe;-
0,@PDA@Ag NPs were obtained through ultrasonic stirring by
dispersing Fe;0,@PDA NPs in aqueous silver nitrate solution
without any additional reducing agent. TEM images of Fe;-
0,@PDA@Ag (Fig. 2g) showed that Ag NPs were deposited on
the surface of the PDA shell and the lattice spacing was
0.241 nm (Fig. 2h). The Ag NPs coated with Fe;0,@PDA showed
regular shape and uniform particle size with a diameter of
approximately 14.7 nm (Fig. 2i).

a
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X-ray diffraction (XRD) of Fe;O, was recorded in Fig. 3a. Six
peaks at 30.1°, 35.8°, 43.1°, 54.4°, 57.0° and 62.6° were corre-
sponded to the (220),(311),(440),(422),(511)and (440)
planes of Fe;0, (JCPDS card no. 19-0629). XRD pattern (Fig. 3a)
of Fe;0,@PDA@Ag confirmed the presence of Ag NPs. Four new
peaks at 38.1°, 44.3°, 64.4° and 77.5° respectively were corre-
spond to the (111), (200), (220) and (311) planes of Ag NPs
(JCPDS card no. 04-0783). The VSM was recorded in Fig. 3b.
Compared with 31.6 emu g " of pure Fe;0,, the magnetization
of Fe;0,@PDA coated by PDA was 12.8 emu g ', which had
a certain degree of decrease. The magnetization of Fe;0,@-
PDA@Ag after in situ reduction of Ag NPs was 9.8 emu g~ '. The
decrease of magnetization had little effect on the magnetic
recovery performance of Fe;0,@PDA@Ag. There was almost no
remanence (Mr) and coercivity (Hc) and no obvious hysteresis

)
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f Particle size of Fe304 (nm)

330.1+34.62 nm

Frequency (%)

280 300 320 340 360 380 400 420
l Particle size of Fe304@PDA (nm)

14.7+2.58 nm
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Fig.2 SEM, TEMimages and particle size of (a—c) FezO4,, (d—f) Fes04@PDA core—shell NPs, (g and h) FesO,@PDA@AQ. (i) Particle size distribution

of Ag NPs.
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loop appeared on the VSM curve, indicating that the material
has superparamagnetic properties.”® Generally, Ag nano-
particles can be reduced and deposited on the surface of PDA by
adding a reducing agent (such as sodium borohydride) or high
temperature.”®*® A remarkable feature of our reported synthesis
method is that it abandons the long reaction time required for
in situ reduction. Fe;O,@PDA®@Ag nanoparticles obtained
through fast preparation by ultrasonic treatment at room
temperature. Silver ions in silver nitrate solution infiltrated into
PDA layer, chelated and reduced to Ag NPs by phenol hydroxyl
groups of PDA. Silver nanoparticles were deposited on the PDA
layer. Therefore, in our work, PDA can be used not only as
a carrier, but also as a reducing agent to reduce silver nitrate
solution.

The Fourier infrared transform (FTIR) of Fe;0,, Fe;0,@PDA
and Fe;0,@PDA@Ag were shown in Fig. S1.f Compared with
pure Fe;O,, the increase of peak intensity at 1640 cm ™' was
caused by aromatic ring on PDA. The broad peak at 3400 cm ™"
was attributed to the hydroxyl group in the composite
product.*”?® Due to its instability, only a small amount of C=0
remained after reduction. Infrared spectrum also confirmed the
success of PDA cladding. The characteristic peak of hydroxyl in
Fe;0,@PDA@Ag became weaker or even disappeared, indi-
cating that part of phenolic hydroxyl was consumed by in situ
reduction of silver particles. X-ray photoelectron spectroscopy
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(@) XRD patterns. (b) VSM of FezOy4, FesO4,@PDA and FesO,@PDA@Ag. (c) XPS of Fes0,@PDA@AQ. (d) High-resolution XPS spectra of Ag

(XPS) was used to confirm the elemental composition and
surface chemical state of Fe;0,@PDA@Ag core-shell nano-
materials (Fig. 3c and d). In addition to the peaks of C, N, and O
belonging to PDA in Fig. 3c, the Ag 3d peaks of Fe;0,@PDA@Ag
in Fig. 3d were also assigned to Ag® at 368.2 and 374.9 eV.?* The
results showed that Ag existed in the polydopamine layer in the
form of elemental silver, which might be used for catalytic
applications.

The encapsulation of PDA on Fe;O,4 could be analysed by TG
test and the thermogravimetric curves of Fe;0,, Fe;0,@-
PDA@Ag were shown in Fig. 4. As shown in Fig. 4, the weight
loss with increasing temperature up to 150 °C was caused by the
evaporation of the water adsorbed in the sample. The weight
loss of pure Fe;O, NPs after 200 °C should be related to the
organic solvent (e.g. trisodium citrate) involved in the prepara-
tion of residual Fe;O,4, and when the temperature was further
increased to 800 °C, the weight of pure Fe;O, nanoparticles
remained relatively stable and showed good thermal stability.
For PDA, the weight loss was 20% by mass and this stage of
weight loss corresponded to the decomposition and carbon-
isation of the polydopamine. When the temperature was further
increased from around 400 °C to 800 °C, the Fe;O,@PDA
nanomaterials showed good thermal stability.

The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-
AP) in the sodium borohydride system was used as a catalytic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TG curve of Fezs0,4 and FesO,@PDA@AQ.

model to monitor and evaluate the catalytic performance of
Fe;0,@PDA@Ag hybrid materials. As shown in Fig. 5a, the
aqueous solution mixed with 4-NP (20 ml, 0.1 mM) and NaBH,
(10 ml, 0.1 M) was bright yellow, and had nearly no change for

NaBH: T
Fe3O4@PDA@Ag

K=1.03min1

In(C¢/Cy)

3

1 2
Time (min)

Fig.5
C¢/Cg against the reaction time.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a long time unless the catalyst was added. After adding the
Fe;0,@PDA@Ag (10 mg) as a catalyst, the absorption peak of
~400 nm was significantly reduced, while the system solution
changed from bright yellow to pale yellow to colorless simul-
taneously after only 4 minutes. After the catalysis was
completed, Fe;0,@PDA@Ag was separated and recycled using
a magnet. The UV-vis absorption spectrum of the solution was
detected once a minute to monitor the progress of the reaction.
Over time, 4-NP (~400 nm) absorbance dropped rapidly, while
the absorbance of 4-AP (~295 nm) increased, and the reduction
process was completed in about 4 minutes (Fig. 5b). As shown in
Fig. 5¢, there is a good linear relationship between In(C,/C,) and
reaction time, which proved that the reaction follows first-order
kinetics. The calculated rate constant k at initial 0.1 mM 4-NP
was 1.03 min~". Table 1 listed the comparison of catalytic
performance of various catalysts, which showed that our re-
ported catalyst exhibited a higher catalytic activity than that of
other catalysts, including Fe;0,/SiO,@Ag and Au/PMMA.**> In
order to verify that Ag was the focus of the catalytic activity in
the hybrid material, a comparative experiment was carried out.
Fe;0, and Fe;0,@PDA were put into the catalytic system
respectively. The results in Fig. S21 showed that the matrix
material hardly had a catalytic effect on 4-NP in the absence of

b
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(a) Reaction scheme and color change. (b) UV-vis spectra of different durations. (c) Plots of In(C/Co) against the reaction time. (d) Plots of
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Table 1 Comparison of the performance with other reported catalysts
Catalyst NaBH,/4-NP/catalyst mol mol™'/1 mg K(S™ Ref.
Fe;0,/Si0,@Ag 6.1 x 107%/3.9 x 1077/1 0.0092 30
Au/PMMA 5% 107%/2.5 x 107%/1 0.0055 31
Ag,S NPS/RGO 5% 107°/6 x 107°/1 0.0072 33
Fe;0,@Si0,-Au@msSio, 6.7 x 107°/1.7 x 107 7/1 0.0058 34
Fe;0,/PDA/Ag 6.7 x 107°/1 x 10771 0.0170 This work
a b
100 4
~ 80 1
=
A
g 60 ) Y 12.43+2.01 nm
= S
& 4
> 40
= 3
< g
@ 204 =
0
0 1 2 3 4 5 6 7 8 9 10 11
Cycle Numbers
Fig. 6 (a) Catalytic reuse efficiency of Fes0,@PDA@AQ. (b) TEM of catalyst after 10 cycles.

nano-silver. TEM of all silver-loaded samples were also shown in
Fig. S3.1

The stability and cycling ability of Fe;0,@PDA@Ag were
tested by reusing the same catalytic process for 10 times. The
catalyst Fe;0,@PDA@Ag in this work was able to be recovered
effectively from the reaction solution by magnetic adsorption
for many cycles. As shown in Fig. 6a, Fe;0,@PDA@Ag still
displayed surprisingly high activity after ten cycles, and the
conversion rate was almost higher than 80% in about 10
minutes. After 10 cycles, the conversion decreased slightly by
20%, which might be attributed to the shedding of Ag NP in the
process of cyclic catalysis. The TEM image (Fig. 6b) showed that
Ag NPs (~12.43 nm) were still well dispersed in the polydop-
amine layer even after multiple recycles, which indicates that
the polydopamine layer could be effectively used as a carrier to
stabilize multiple Ag NPs. The excellent catalytic performance
and reusability were believed to come from synergistic effect of
Fe;0,@PDA@Ag: (1) Ag NPs were effectively fixed within the
stable polydopamine layer, avoiding aggregation after reaction;
(2) the deposited silver nanoparticles ensured high catalytic
activity; (3) the effective magnetic separation prevented loss of
the catalyst and allowed easy collection, thereby improving the
reusability.

In addition, the selectivity of the catalyst Fe;0,@PDA@AgZ
was also studied for other organic dyes. As shown in Fig. 7a and
¢, Fe;0,@PDA@Ag exhibited quick catalytic reduction for MO

3852 | RSC Adv, 2022, 12, 3847-3855

and MB. There was a good linear relationship between In(C,/C,)
and reaction time, as shown in Fig. 7b and d, which proved that
the reaction followed first-order kinetics. The catalytic rates for
MO and MB are 0.47 min ' and 0.61 min ", respectively. The
zeta potential of Fe;0,@PDA@Ag was —28.9 mV. The results
showed that the catalytic difference between the anionic dye
MO and the cationic dye MB was caused by the negative
potential of Ag NPs on the surface of the catalyst Fe;O,@-
PDA@Ag.” For the cationic dye MB, the electrostatic attraction
between the materials can make MB quickly accumulate on the
surface of Ag NPs, which promoted the catalytic reaction and
accelerated the catalytic rate of Fe;0,@PDA@AgZ on MB.

4. Conclusions

In this work, a simple and effective method was explored to
synthesize Fe;0,@PDA core shell NPs-encapsulated silver nano-
catalysts. The Ag NPs were encapsulated in the Fe;0,@PDA
shell layer by using PDA as a carrier and reducing agent. Fes-
0,@PDA@Ag NPs exhibited enhanced catalytic performance
towards the reduction of 4-nitrophenol. After several catalytic
cycles, the obtained Fe;0,@PDA@Ag NPs still maintained
structural integrity and efficient catalytic activity. At the same
time, Fe;0O,@PDA@Ag NPs exhibited enhanced catalytic
performance and selectivity to MB and MO. This simple and
green synthesis method enabled the rapid decoration of tiny Ag

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 UV-vis spectra of (a) MB and (b) MO with various durations. Plots of In(C;/Co) against the reaction time for (c) MB and (d) MO.

NPs with Fe;0,@PDA core-shell nanoparticles and would
provide a platform for other catalytic applications.
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