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Introduction

A novel approach for the synthesis of ultrathin
silica-coated iron oxide nanocubes decorated with
silver nanodots (Fe;0,4/SiO,/Ag) and their superior
catalytic reduction of 4-nitroanilinet

Mohamed Abbas,?® Sri Ramulu Torati® and CheolGi Kim*?

A novel sonochemical approach was developed for the synthesis of different core/shell structures of
Fez04/SiO,/Ag nanocubes and SiO,/Ag nanospheres. The total reaction time of the three sonochemical
steps for the synthesis of Fes0,4/SiO,/Ag nanocubes is shorter than that of the previously reported
methods. A proposed reaction mechanism for the sonochemical functionalization of the silica and the
silver on the surface of magnetic nanocubes was discussed in detail. Transmission electron microscopy
revealed that the surface of Fez0,4/SiO, nanocubes was decorated with small Ag nanoparticles of approxi-
mately 10-20 nm in size, and the energy dispersive spectroscopy mapping analysis confirmed the mor-
phology of the structure. Additionally, X-ray diffraction data were used to confirm the formation of both
phases of a cubic inverse spinel structure for FesO,4 and bcc structures for Ag in the core/shell structure
of the Fez04/SiO,/Ag nanocubes. The as-synthesized Fez0,4/SiO,/Ag nanocubes showed a high
efficiency in the catalytic reduction reaction of 4-nitroaniline to 4-phenylenediamine and a better per-
formance than both Ag and SiO,/Ag nanoparticles. The grafted silver catalyst was recycled and reused at
least fifteen times without a significant loss of catalytic efficiency.

ance."'? In particular, the use of Ag NPs as a catalyst has

drawn significant interest because Ag combines the character-
istics of high reactivity and selectivity. Notably, catalyzing the

Noble metal nanoparticles have been intensively studied
because of their promising applications in various fields
including biology and catalyst applications. Notably, silver (Ag)
is considered an inexpensive material compared with other
noble metals, such as gold (Au), platinum (Pt) and palladium
(Pd), and also, Ag possesses good chemical and physical pro-
perties." Furthermore, Ag nanoparticles (NPs) have extraordi-
nary plasmon-resonant optical scattering properties that are
used in optical applications such as signal enhancers, optical
sensors, and biomarkers.”® Additionally, Ag enhances the
effect of radiation treatment in killing cancer cells.>” More-
over, Ag NPs are recognized as a promising antimicrobial and
disinfectant agent that can be used to treat infectious
diseases® '° even for organisms that display antibiotic resist-
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reduction of 4-nitro organic compounds with Ag NPs has been
accepted to be an alternative, effective and eco-friendly route
to produce 4-amino organic compounds in industry."*"*

Iron oxide nanoparticles have also been comprehensively
studied for biomedical applications such as in hyperthermia
treatment for malignant cells, drug delivery, biosensors, mag-
netic resonance imaging contrast agents, magnetic separation
and cell sorting, and these applications are due to the unique
magnetic  properties and biocompatibility of these
nanoparticles."> > Furthermore, iron oxide displays excellent
activity in energy and catalyst applications,**** and notably,
magnetite (Fe;O,) is considered the most effective hetero-
geneous Fenton catalyst compared with other iron oxides,>>®
because magnetite is the only oxide that displays Fe*" in its
structure, which enhances the production rate of 'OH
radicals.”>?°

In general, functional materials can be defined as any
material that integrally combines two or more properties
designed to meet specific requirements through tailored pro-
perties. Therefore, the combination of Ag nanoparticles and
Fe;0, nanocubes to form core/shell nanostructures will offer

This journal is © The Royal Society of Chemistry 2015
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possibilities for the development of advanced composite
materials and create a promising composite for multiple appli-
cations. This nanostructure combines excellent magnetic
responses, plasmonic properties, surface to volume ratios, bio-
conjugation affinities and biocompatibilities. However, naked
iron oxide NPs are likely to form an aggregation and be easily
oxidized or dissolved in an acidic medium during the recycling
process. Thus, a protective layer for the iron oxide is required,
and the best candidate for this layer is silica because of its
high chemical and thermal stabilities.

Currently, to the best of our knowledge, few studies have
been reported on the synthesis of MNPs/SiO,/Ag nanoparticles
with a spherical shape. Du et al., Chi et al. and Shin et al. have
succeeded in depositing Ag on silica coated Fe;O, micro-
spheres using combination approaches of solvothermal and
Stober sol-gel processes for the catalytic reduction of 4-nitro-
phenol."?**' Wang et al. have succeeded in synthesising
Fe;0,4/Si0,/Ag microspheres for the usage of antibacterial
materials against Escherichia coli.** Bayat et al. have demon-
strated the synthesis of Fe;0,/SiO,/Ag nanocomposites using
chemical methods for the oxidant-free dehydrogenation of
alcohols.®® Kooti et al. have successfully synthesized the
CoFe,0,/Si0,/Ag composite through a three-step procedure for
using it as an antibacterial agent of both Gram-positive and
Gram-negative bacteria.®® Even though the majority of the
aforementioned developed approaches are efficient and eclec-
tic, the procedures used for preparing that type of functiona-
lized nanoparticles are rather complicated and time-
consuming. Furthermore, most of the methods are used to
produce materials of microparticle size, which obviously affect
their performance in the applications compared with using
the nanoscale sized particles. Moreover, in several methods
the reaction conditions are rather critical and require a sub-
stantial amount of surfactant and protective conditions. These
requirements involve significant costs, and restricts the
materials towards the industrial applications.

In this study, we report a new and rapid approach based on
ultrasonication at high temperatures and pressure for the syn-
thesis of Fe;0,/Si0,/Ag nanocubes using three simple steps for
a sonochemical reaction within a short time. Moreover, using
the same approach of ultrasound, we synthesized a stable col-
loidal solution of Ag NPs and Ag decorated SiO, (SiO,/Ag)
nanospheres. The physical properties generated from ultra-
sonication, the microjet and shock waves could be the key
parameters for enhancing the surface functionalization of iron
oxide nanocubes in both the silica shell and silver nano-
particles. The morphology and crystal structures were moni-
tored using different analysis techniques such as X-ray
diffraction (XRD), transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM),
and energy-dispersive X-ray spectroscopy (EDS) mapping, and
using a superconducting quantum interference device (SQUID)
for measuring the magnetic properties. The application
efficiency of our produced sample was investigated in terms of
the catalytic reduction of 4-nitroaniline to 4-phenylenediamine
and the recycling properties.

This journal is © The Royal Society of Chemistry 2015
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Experimental details

Materials

Iron(u)sulfate heptahydrate (FeSO,-7H,0), tetraethyl orthosili-
cate (TEOS), silver nitrate (AgNOj3), polyvinylpyrrolidone (PVP;
M.W. 40000), 4-nitroaniline, polyethylene glycol (PEG),
sodium hydroxide (NaOH), ammonia, and ethyl alcohol
(C,H50H) (99%) were purchased from Sigma-Aldrich, Ltd. All
chemicals were of analytical reagent grade and were used as
received without any further purification. The synthesis
process was performed under ambient temperature.

Synthesis of iron oxide (Fe;0,) nanocubes using the
sonochemical method

The synthesis of Fe;O, nanocubes was performed based on
our previous studies.*>?® In brief, 2.31 g of FeSO,-7H,0 was
dissolved in 100 mL of distilled water, and the solution was
then transferred to the ultrasonication reactor chamber. NaOH
was then injected into the reaction mixture within 15 min of
initiating the ultrasonication. The reaction was continued for
70 min, and the ultrasonication was then halted. The obtained
iron oxide nanocube was washed several times with water and
ethanol. The precipitate was collected using a magnet, and
then dried in a vacuum evaporator. The ultrasonic equipment
is an ultrasonic processor (VibraCell-VCF1500, Sonics and
Materials) with a maximum power of 1500 W. The sonoreactor
was equipped with a titanium horn with a 5 cm? irradiating
surface area and a piezoelectric transducer supplied by a
20 kHz generator submerged below the surface of the soni-
cated liquid.

Synthesis of Fe;0,/SiO, nanocubes using an ultrasonic
assisted sol-gel method

The synthesis of Fe;0,/SiO, nanocubes followed our developed
sol-gel approach®® with modifications mainly in the use of
ultrasound to reduce the reaction time. Typically, two short
reactions of 30 minutes each using the ultrasonic assisted sol-
gel methods were used to coat the Fe;0, nanocubes with an
ultrathin SiO, shell. In the first step, we functionalized the
surface of the Fe;O0, NCs with PVP as follows: 4 g of PVP was
dispersed in 60 mL distilled H,O and was then mixed with
100 mg Fe;0, dispersed in 20 mL distilled H,O under ultra-
sonication for 30 min. In the second step, we added the PVP-
stabilized Fe;O, to a solution containing 100 mL of ethyl
alcohol and 5 mL ammonia and ultrasonicated for 30 min.
During the ultrasonication, we injected 1.5 mL of TEOS into
the solution. Thereafter, the solution was washed several times
with ethanol and water. The precipitate of Fe;0,/SiO, nano-
cubes was collected using a magnet.

Synthesis of Fe;0,/Si0,/Ag nanocubes using the sonochemical
method

To functionalize the surface of Fe;0,/SiO, nanocubes with Ag,
we used a one pot-sonochemical reaction. In a typical syn-
thesis of Fe;0,/SiO,/Ag nanocubes, 35 mg of the prepared
Fe;0,/SiO, nanocubes were dispersed in a mixed solution of
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100 mL ethanol and 5 mL ammonia. The samples were ultra-
sonicated for 10 min, and after the ultrasonication, a solution
of 0.4 g AgNO; dispersed in 20 mL ethanol was rapidly
injected and finally sonicated for another 30 minutes. To
prepare a solution of AgNO; in ethanol, we employed ultra-
sonication because the silver nitrate cannot solubilize as
easily in ethanol as in water. The reaction was halted, and the
obtained mixture was washed several times with water and
ethanol. The precipitate was collected using a magnet and
then dried in a vacuum evaporator to obtain the core/shell
nanocubes of Fe;0,/Si0,/Ag.

Synthesis of silica (SiO,) nanoparticles using the
sonochemical method

For the synthesis of SiO, NPs, we used a one-pot reaction of
the sonochemical method. Typically, 3 mL of TEOS was added
to a 100 mL solution of dis. H,O and ethanol and 5 mL of
ammonia with stirring for 5 min. After that, the solution was
transferred to the ultrasonication reactor chamber. The reac-
tion was continued for 50 min, and the ultrasonication was
then turned off. The obtained SiO, NPs were washed several
times with water and ethanol, and the precipitate was collected
by centrifusion, and then dried in an oven at 90 °C for 6 h.

Fe;04

Fe;0,/Si0,
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Synthesis of silver decorated silica (SiO,/Ag) nanoparticles
using the sonochemical method

The synthesis of Ag decorated SiO, nanoparticles is shown in
Scheme 1b. For the functionalization of the surface of SiO,
with Ag nanodots, we used the same sonochemical procedures
with slight modification. Typically, 100 mg of the prepared
SiO, NPs were dispersed in a mixed solution of 100 mL
ethanol and 5 mL ammonia for 5 min using a magnetic
stirrer. The solution was then transferred to the ultrasonica-
tion reactor chamber. After 10 min of ultrasonication, a solu-
tion of AgNO; dispersed in ethanol was rapidly injected and
the reaction was continued for 40 min. The reaction was
halted, and the obtained SiO,/Ag core/shell was washed several
times with water and ethanol. The precipitate was collected
using centrifusion, and then dried in an oven at 90 °C for 6 h.

Synthesis of silver (Ag) nanoparticles using the sonochemical
method

The synthesis of yellow stable colloidal Ag NPs was performed
using an eco-friendly rapid sonochemical method. Typically,
0.2 g of AgNO; was dispersed in a mixed solution of 1:1 dis.
H,0: ethanol using a magnetic stirrer for 5 min. After that,
10 mL of PEG was added and then the solution was transferred

F0304/Si02/Ag

Scheme 1 Schematic diagram illustrating the synthesis process of (a) the silver-decorated silica-coated iron oxide (Fes04/SiO,/Ag) nanocubes and

(b) the silver-decorated silica (SiO,/Ag).
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to the ultrasonication reactor chamber. The reaction was con-
tinued for 30 min and then turned off. The obtained Ag col-
loidal NPs with yellow color were washed several times with
water and ethanol, and the precipitate was collected using
centrifusion.

Catalytic test

To study the efficiency of our synthesized Fe;0,/SiO,/Ag nano-
cube sample as a catalyst material, we used the nanocubes in
the catalytic reduction reaction of 4-nitroaniline to 4-phenylene-
diamine. In a typical catalysis reaction, 100 puL of 1 mM
4-nitroaniline, 100 pL of 10 mM NaBH, and 100 pL of 1 mM of
Fe;0,/Si0,/Ag nanocubes were mixed with 700 pL of ultrapure
water. The chemical reduction of 4-nitroainilne was monitored
using a UV-visible spectrophotometer in quartz cuvettes with a
1 cm path length and with freshly prepared solutions. The
same procedures were used to study the catalytic activity of the
other two catalyst materials of Ag and SiO,/Ag nanoparticles.
To study the recycling of the as-synthesized Ag-decorated
silica-coated iron oxide nanocubes, the same procedure was
repeated in up to 15 cycles. The functionalized nanocubes
were separated from the mixture using a permanent magnet,
washed three times with deionized water and then reused in
the next cycle.

Analysis methods

The morphology of the functionalized core/shell nanocubes
(Fe;04/5i0,/Ag), SiO,/Ag and Ag NPs was observed by TEM
(Tecnai G2 F20 operated at 300 kV), and the chemical compo-
sitions of the nanocubes were analyzed by an EDS mapping
analysis coupled with the TEM equipment. X-ray diffraction
(XRD) patterns were collected (Regaku D/max-2500) at a
voltage of 40 kV, a current of 300 mA and a scanning rate of 2°
min~' with a step size of 0.01°. The catalytic reduction of
4-nitroaniline was characterized by a NANODROP 2000c
spectrophotometer (Thermo Scientific) operated at a resolution
of 1 nm using freshly prepared solutions in quartz cuvettes with
a 1 cm path length. The magnetic properties of the functiona-
lized core/shell nanocubes were measured by SQUID with an
external magnetic field ranging from —15 kOe to +15 kOe.

Results and discussion

The synthesis approach for the silver-decorated silica-coated
iron oxide nanocubes has been performed by three
sonochemical routes. A schematic overview of the formation of
the functionalized nanocubes is shown in Scheme 1a. The
total reaction time for the synthesis of the core/shell nano-
structure is shorter than that of the previously reported
methods. The iron oxide nanocubes were synthesized by our
sonochemical method as described previously.*>*® The mor-
phology of the as-synthesized iron oxide nanocubes is shown
in Fig. 1. As revealed by TEM, Fig. 1(a, b) show that the
obtained Fe;O, nanocubes have a mean diameter of 40 nm
and are approximately cubic-like in shape. In addition, we

This journal is © The Royal Society of Chemistry 2015
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have performed scanning electron microscopy for the syn-
thesized nanoparticles and the results are shown in Fig. S1.}

However, the surface coating of Fe;O, nanocubes with an
ultrathin silica layer was performed within one hour using an
ultrasonic assisted sol-gel method. In our previous work, we
developed a modified sol-gel method to coat Fe;0, with silica;
however, we required four hours to complete that reaction.
Based on the unusual reaction condition generated from the
ultrasound of high temperatures and pressures, we succeeded
in decreasing that time to one hour. The shock waves, micro-
jets and turbulent flows resulting from the collapse of micro-
bubbles can cause the collision of nanoparticles at velocities
of hundreds of meters per second. This process forms the
silica sol as a consequence of the decomposition of TEOS after
injection toward the magnetite surface at high speeds,
forming Fe;0,/SiO, core-shell nanocubes.’” *° As observed in
Fig. 1(c, d), the ultrathin silica coated magnetite nanocubes
exhibit a cubic-like structure with a smooth surface and rep-
resent core/shell nanostructures. The size of the ultrathin
silica layer around the Fe;O, nanocubes is approximately
1.56 nm. HRTEM was used to observe the detailed structure of
the Fe;0,/SiO, core/shell nanocubes (Fig. 2). The images
clearly show the single-crystallinity of the Fe;0, core and the
amorphous nature of the silica shell. The interplanar distance
measured from the adjacent lattice fringes in Fig. 2a is about
0.48 nm, corresponding to the (111) planes of the Fe;0, single
crystal with cubic inverse spinel structure.*’

The functionalization process of the Fe;0,/SiO, nanocubes
with silver to obtain the Fe;0,/SiO,/Ag NC nanostructures is
also performed in the one-pot sonochemistry reaction. In
general, the ultrasonication of an aqueous medium will
produce the radicals H and OH’; these radicals can either
recombine to return to their original form or combine to
produce H, and H,0,, and strong oxidants and reductants
were used to enhance the reaction.*’ However, in an alcohol
medium (as in our reaction) two different types of radicals
(CH; and CH,OH") are expected to be generated, thereby
enhancing the reaction.”” The generated radical in the alcohol
medium is expected to reduce the injected AgNO; to form Ag'.
In the presence of ammonia, Ag(NH;)," will form and then
reduce to Ag nanoparticles as suggested by Pol et al®*® The
stable complex of Ag (NH;)," can be electrostatically attracted
to the partially negatively charged SiO, shell. After sonication,
the Ag bonds on the silica (SiO,) and the mechanism of silver
bonding to the silica surface are related to the physical pro-
perties of ultrasound (the microjets and shock waves created
after the collapse of the bubbles).*® Fig. 3 shows the TEM
images of the Fe;0,/SiO,/Ag nanocubes. From the figure,
small well-dispersed silver seeds were noted to attach to the
surface of the Fe;0,/SiO, nanocubes, while maintaining the
shape and the size of the core/shell Fe;0,/SiO, NCs. The deve-
loped sonochemical approach in our study is economical by
providing a time-reducing, clean, eco-friendly and efficient
route for the synthesis of Fe;0,/SiO,/Ag nanocubes at room
temperature conditions without the need for high tempera-
tures, surfactants or toxic chemicals. Thus, sonochemical pro-

Nanoscale, 2015, 7, 12192-12204 | 12195


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr02680f

Open Access Atrticle. Published on 15 June 2015. Downloaded on 1/27/2026 2:55:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

Fig. 2 HRTEM images of Fez0,4/SiO, nanocubes.

cessing for the production of functionalized nanocubes could
be attractive for industrial applications.

The phases and purity of the synthesized samples were
investigated using XRD. Fig. 3¢ shows the XRD patterns of
three samples of Fe;0,4, Fe;0,/Si0O,, and Fe;0,/SiO,/Ag nano-

12196 | Nanoscale, 2015, 7, 12192-12204
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cubes. From the figure, all of the diffraction peaks of the
crystal planes (220), (311), (400), (422), (511), and (440) could
be indexed to a cubic inverse spinel for Fe;0, NCs (JCPDS card
number: 00-019-0629). The XRD pattern of Fe;0,/SiO, nano-
cubes exhibited identical features to pristine Fe;0,. However,

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 TEM images of (a, b) Fes04/SiO,/Ag nanocubes and (c) the XRD pattern of FesO,4, Fe30,4/SiO,, and Fes04/SiO,/Ag nanocubes.

additional peaks at 20 = 38° and 64.3° were observed for the
core/shell structures of Fe;0,/SiO,/Ag nanocubes, which can
be indexed to the face-centered cubic structure of Ag,*' con-
firming the presence of the two phases in the core/shell nano-
cubes. The crystallite sizes of the three samples of Fe;0y,,
Fe;0,4/Si0,, and Fe;0,/SiO,/Ag nanocubes were calculated
from the XRD pattern using the Debye-Scherrer formula (D =
K/ cos 0), where 1 is the X-ray wavelength (1.540562 A), f is
the full width at half maximum (FWHM), 6 is the Bragg angle
for the studied peak/ring, and K is the shape factor, which is
normally taken as 0.9 for ferrites.** The crystallite sizes were
calculated to be 30, 32, and 35 nm, which are smaller com-
pared to the particle sizes estimated by TEM images as men-
tioned above. The reason for such a difference in size may be
ascribed to the inhomogeneous strain and instrumental
effects,*> which may contribute to the width of the diffraction
peak apart from the crystallites, resulting in smaller value for
the estimations using the Scherrer equation.*® Fig. 4 shows the
EDS mapping images of Fe;0,/SiO,/Ag core/shell nanocubes
indicating the spatial distribution of iron, oxygen, silicon and
silver. Fig. 4(a) shows the TEM image of the silver-decorated
silica-coated iron oxide nanocubes which are to be analyzed in
the EDS mapping. Fig. 4(b) displays the elemental maps of all

This journal is © The Royal Society of Chemistry 2015

of the elements together, and Fig. 4(c-f) display the elemental
maps of Fe, O, Si, and Ag individually. The elemental mapping
results show that all elements were well distributed.

The magnetic hysteresis loops for the prepared Fe;O,,
Fe;0,/Si0,, and Fe;0,/SiO,/Ag nanocubes were measured
using SQUID at room temperature (Fig. 5). The saturation mag-
netization value for the bare magnetite nanocubes at 300 K is
79.5 emu g, and this value decreased for the samples coated
with silica to 62.2 emu g~'. The deposition of silver on Fe;0,/
SiO, nanocubes causes a further decrease in the saturation
magnetization value to 25.5 emu g '. A portion of this
decrease in the magnetization value is because of the mass
effect of silica and silver, and the remaining portion is
because of diamagnetic shielding.>® The further decrement in
the magnetization value after silver deposition is also ascribed
to the slight increase in the mass and size of the composite.
The coercivity as well as remanent magnetization values of
Fe;0, NCs were also affected by the coating process. The Hc
and Mr values of Fe;O, were changed from 100 Oe and 7 emu
¢7' to 145 Oe and 4 emu g~ for the functionalized sample of
Fe;0,/Si0,/Ag NCs. These changes in the values may be under-
stood in terms of the change in the domain structure or
surface anisotropy upon coating.>® The bifunctional nano-

Nanoscale, 2015, 7, 12192-12204 | 12197
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Fig. 4 EDS mapping analysis of Fe304/SiO,/Ag nanocubes.
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Fig. 5 The magnetization curves for FezO4, Fez04/SiO, and FesO,/
SiO,/Ag nanocubes measured by SQUID at 300 K and a photograph of
Fez0,4/SiO,/Ag nanocubes in water in the absence and presence of an
external magnet (inset).
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composites still displayed a strong magnetization, suggesting
their suitability for magnetic separation and targeting.*’
Therefore, these particles can be rapidly separated from solu-
tion using an external magnetic field (inset of Fig. 5), achiev-
ing reusability.

On the other hand, Ag, SiO,, and silver decorated silica
(SiO,/Ag) nanoparticles were synthesized for the comparison
of catalytic properties with Fe;0,/Si0,/Ag nanocubes using the
same developed sonochemical approach in a short time. At
first, SiO, nanoparticles with a size distribution range of
100 nm were synthesized in rapid sonochemical reaction
within 30 min. Fig. 6(a, b) show TEM images of SiO, NPs and
the particles have spherical morphology. The functionalization
of the SiO, surface with Ag nanodots was performed in a
one-pot sonochemical reaction. The mechanism for obtaining
such Ag decorated SiO, nanoparticles is mainly attributed to
the physical properties of ultrasound and the electrostatic
attraction between the different charges of SiO, and Ag.
Fig. 6(c, d) show the TEM images of the silver decorated silica

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 TEM images of (a, b) SiO, NPs, (c, d) SiO,/Ag NPs, and (e, f) HRTEM of SiO,/Ag NPs.

nanoparticles with different resolutions. Fig. 6(e, f) show
HRTEM images of SiO,/Ag NPs, and the lattice spacing calcu-
lated from the figure is found to be almost 0.26 nm and corres-
ponds to the (111) lattice plane of the face centered cubic
(FCC) structure of silver.*®*° Fig. 7 shows the EDS mapping
images of Ag decorated SiO, nanoparticles indicating the
spatial distribution of silicon, silver and oxygen. Fig. 7(b) dis-
plays the elemental maps of all of the elements together in Ag

This journal is © The Royal Society of Chemistry 2015

decorated SiO, nanoparticles, and Fig. 7(c-e) display the
elemental maps of Si, Ag and O separately. The well distri-
butions of the elements are observed in elemental mapping
images. For the synthesis of colloidal Ag nanoparticles, we
used an eco-friendly one-pot sonochemical reaction, in which
the PEG was used as a reducing agent as well as a stabilizing
agent. Fig. 8a and b show TEM images for well dispersed Ag
nanoparticles with different resolutions. The Ag nanoparticles
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Fig. 7 EDS mapping analysis of SiO,/Ag nanoparticles.

ZC MAG: 200kx

have an average size distribution of 15 nm with a spherical
shape. Fig. 8c shows the HRTEM image of Ag nanoparticles
and the interplanar distance measured from the adjacent
lattice fringes is about 0.26 nm for the face centered cubic
(FCC) structure of silver. The EDS analysis of SiO,/Ag and Ag
nanoparticles suggests that the SiO, nanoparticles contain
only Si and oxygen elements (Fig. S2at) where the Ag nano-
particles contain only the Ag element (Fig. S2bf). Fig. 8d
shows the photographs of the three samples of SiO,, SiO,/Ag
and Ag nanoparticles, which display clearly the white color of
Si0,, the yellow color of Ag and the brownish color of SiO,/Ag.

Catalytic efficiency

Scheme 2 shows the general reduction reaction of 4-nitroani-
line to 4-phenylenediamine in the presence of the produced
Fe;0,4/Si0,/Ag nanocubes and NaBH,. The produced 4-pheny-
lenediamine as a reduction product of 4-nitroaniline is con-
sidered a wuseful and an attractive intermediate in the
preparation of polymers, hair dyes, and rubber products.*™?
The catalytic reduction reaction of 4-nitroaniline is easily
monitored via UV-vis spectroscopy through the decrease in the
strong adsorption of the 4-nitroanilinate anion at approxi-
mately 380 nm. The reference UV-vis spectrum of 4-phenylene-
diamine is shown in Fig. S3a.f Before investigating the
catalytic efficiency of our synthesized nanocubes, we per-
formed an experiment monitoring the reduction of 4-nitroani-
line with NaBH, in the absence of nanoparticles. From the UV
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figure, a slow decrease in the characteristic absorbance of
4-nitroaniline at 380 nm even after aging the solution for 1 day
occurred. Only approximately 3% of the compound was
reduced (please see ESI Fig. S3bt), which indicated that a
kinetic barrier prevents the electron transfer from the donor
BH, to the acceptor 4-nitroaniline. The catalytic ability of an
equal amount of pristine iron oxide nanocubes was studied. As
observed in Fig. 9a, a minimal effect was noted on the change
in the absorbance band at 380 nm within 60 min of reaction
time, emphasizing that the Fe;0, nanocubes do not play a role
in the catalytic efficiency for the reduction reaction of
4-nitroaniline.

However, a significantly decreased absorption intensity for
the 4-nitroaniline at 380 nm occurred when Fe;0,/SiO,/Ag
nanocubes were used as a catalyst material (Fig. 9b). The dra-
matic decrease in the peak intensity at 380 nm was
accompanied by the appearance of one peak at 240 nm, attri-
buted to the formation of 4-phenylenediamine.’® The
reduction reaction occurred via relaying electrons from the
donor BH,~ to the acceptor 4-nitroaniline after the adsorption
of both compounds onto the surface of the Fe;0,/SiO,/Ag
nanocubes. The hydrogen atom, formed from hydride after the
electron transfer (ET) to the Ag nanodots, attacked and
reduced 4-nitroaniline molecules.™>*

Notably, a complete reduction of 4-nitroaniline using our
synthesized Fe;0,/SiO,/Ag nanocubes occurred within
200 seconds of starting the reaction. Catalytic activities are

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 TEM images of (a, b) Ag nanoparticles, (c) HRTEM of Ag NPs, and (d) photographic images of SiO,, Ag and SiO,/Ag NPs display their different colors.

4-Nitroaniline

NaBH,-

Ag

Si0,

Fe;0, NCs 4-Phenylenediamine

Scheme 2 Schematic diagram outlining the reduction reaction of
4-nitroaniline to 4-phenylenediamine using Fes04/SiO,/Ag nanocubes.

mainly determined by two key parameters such as the avail-
ability of active surface area and the catalyst active sites on the
surface for the electron transfer, removing the Kkinetic
barrier.”> The superior catalytic properties of our functiona-

This journal is © The Royal Society of Chemistry 2015

lized nanocubes were attributed to the high surface activity of
the silver nanodots and the high surface area of the cubic
shape of magnetite compared with various other shapes.'*%3!
The self-assembled aggregated Ag nanodots are not fully
uniform, displaying a higher number of corner and edge
atoms. Additionally, the dendritic structure of Ag NPs displays
a higher number of edges and corners, potentially increasing
the catalytic reaction rates.”® Even though a similar behavior of
complete reduction of 4-nitroaniline to 4-phenylenediamine
was observed when both Ag and SiO,/Ag nanoparticles are
used as a catalyst, the reduction times are 10 and 16 minutes,
respectively, which is longer than that for Fe;0,/SiO,/Ag nano-
particles. The catalytic activity of Ag nanoparticles is in good
agreement with the previously reported Baruah et al. method,
where they succeeded in completely reducing 4-nitrophenol to
4-aminophenol using stabilized Ag NPs within 10 minutes.>’
Fig. S4(a, b)f show the UV-vis absorption spectra for the
reduction of 4-nitroaniline to 4-phenylenediamine in the pres-
ence of Ag as well as SiO,/Ag nanoparticles. From the figure,
and as expected, a decrease in the peak intensity at 380 nm
was observed because of the catalytic activity of silver as we
explained above. However, a little longer time is needed for the
achievement of complete reduction of 4-nitroaniline than the

Nanoscale, 2015, 7, 1219212204 | 12201
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Fig. 9 UV-visible spectra for the reduction reaction of a 4-nitroaniline
compound by (a) FesO4 nanocubes and (b) Fes04/SiO,/Ag nanocubes
obtained at various times.

time taken in the case of Fe;0,/SiO,/Ag nanocubes. The
reason for such a time difference may be attributed to the pres-
ence of Fe** in the Fe;0, structure, which enhances the pro-
duction rate of "OH.>>*°

The most important advantages for the usage of the pro-
duced sample in this type of catalyst applications are mainly
the ease of recycling by magnetic separation compared with
using the silver nanoparticles. The reusability experiments of
Fe;0,/Si0,/Ag nanocubes demonstrated that approximately
88% of 4-nitoaniline was reduced even after a fifteen-cycle run
for the reduction process (Fig. 10). This result shows that this
nanocube catalyst is highly stable because of the unique core/
shell structure and therefore can be used for repeated 4-nitroa-
niline reduction reactions. Additionally, the catalytic activity of
several recently reported highly active catalysts were compared
with our synthesized material. For samples of spherical Fe;0,/
SiO,/Ag nanoparticles, several groups have succeeded in redu-
cing 4-nitrophenol (a nitro organic compound) within a reac-
tion time between 10 and 14 min'*"*® with nearly identical

12202 | Nanoscale, 2015, 7, 12192-12204
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Fig. 10 The recycling curves of the catalyst sample (Fe30,/SiO,/Ag
nanocubes) for 15 repetitions.

concentration of materials. Nevertheless, other groups have
succeeded in completely converting 4-nitrophenol to 4-amino-
phenol within 240-300 seconds; however, they substituted the
silver with expensive gold nanoparticles within the identical
structure of MNPs/SiO,/Au nanoparticles.”>®" By contrast, in
this study, we used a simple, reliable, economic, eco-friendly
and highly efficient sonochemical approach to synthesize
Fe;0,/Si0,/Ag nanocubes with an excellent catalytic efficacy in
a short time.

Conclusion

In summary, we have demonstrated a novel sonochemical
approach for the facile synthesis of Fe;0,/SiO,/Ag nanocubes,
Ag NPs and SiO,/Ag NPs. The produced Fe;0,/SiO,/Ag nano-
cubes displayed superior catalytic properties to Ag NPs and
SiO,/Ag NPs for 4-nitroaniline reductions with recycling pro-
perties up to 15 cycles and 88% efficiency. The novel multi-
layer core/shell nanocubes can be extended to other appli-
cations such as biomedical detection, energy conversion and
storage Further, the developed
approach in this study is expected to be a promising route for
the synthesis of various types of core/shell nanostructures of
MNPs/SiO,/noble metals is facile,
reliable, economical and eco-friendly.

systems. sonochemical

because this method
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