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Superparamagnetic Ag@Fe;04 nanospheres with core—shell nanostructures have been prepared by a facile
one-pot method. The diameter of the as-synthesized nanospheres was about 200 nm and the core sizes
were between 50 and 100 nm. By varying the concentrations, particles with tunable core size and total
size are successfully achieved. Time dependent experiments were constructed to investigate the synthesis
mechanism, which indicated that the present method corresponded to an Ostwald ripening progress. The
BET area of the core—shell nanospheres is about 22.6 m*/g and this result indicates that the product shows
a porous character. The saturated magnetization of the superparamagnetic Ag@Fe;O4 nanospheres is 27.4
emu g~ at room temperature, which enables them to be recycled from the solution by simply applying a
small magnet. Due to the unique nanostructure, these particles show high performance in catalytic
reduction of 4-nitrophenol and can be used as reusable nanocatalysts.

1. Introduction

morphologies have varied from spherica

Core—shell composite materials have attracted increasing interest
from materials scientists because they combine the advantageous
properties of both the core materials and the shell materials.'
Due to their unique physicochemical properties and great poten-
tial applications in the areas of electronics, photonics, catalysis,
biotechnology, and nanotechnology, various types of bi-func-
tional or tri-functional core—shell materials, such as inorganic—
inorganic, inorganic—polymer, polymer—polymer, etc., have been
technically synthesized.”®> Among them, superparamagnetic
nanocomposites with core—shell nanostructures do not retain any
magnetization in the absence of a magnetic field, and thus have
been widely used in magnetic resonance imaging, hyperthermia,
separation and purification of biomolecules, drug delivery, and
catalysis.'® 16

The magnetic particles can be conveniently separated from the
mother solutions by applying an appropriate magnetic field,"”"°
therefore, the combination of nanocatalysts together with the
magnetic carriers has attracted increasing attention due to their
recoverable nature.?’>2% At first, most work in this area was
focused on immobilization of nanocatalysts on the surface of the
magnetic support to form a core—shell nanostructure.>*>* During
the past decade, various core—shell like magnetic chemcatalytic
and photocatalytic nanomaterials have been developed and the
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hierarchical nanostructures.>' Recently, to prevent the agglom-
eration and to further improve the durability of the nanocatalysts,
they have usually been covered by a porous inert shell. In terms
of the magnetic catalysts, Yin et al>* developed a series of
simple sol—gel and surface-protected etching processes to fabri-
cate mesoporous-silica-protected core—satellite nanocomposite
catalysts, which can be ideally magnetically recycled during the
catalytic reactions. Alternatively, an outer shell of mesoporous
silica with perpendicularly aligned pore channels can be
achieved .>* Very recently, a magnetic photocatalyst with double
hierarchical shells has also been synthesized by using a hydro-
thermal etching assisted crystallization method.>* However, most
of this research required the preparation of core—shell precursors,
requiring multistep and complex synthetic procedures.

Ag based magnetic nanocatalysts play an important role in
fine and speciality chemistry because they can catalyze various
reactions such as epoxidation, reduction of dyes, et al*>*® To
expand the application of this bi-functional nanocomposite,
different kinds of nanostructures such as Fe;O4—Ag core—shell
like nanoparticles, heterodimers, and core—satellite particles have
been prepared, which can be applied in bio-separation, catalysis,
optical limiting, two-photon fluorescence imaging and magnetic
manipulation.>” *° By varying the Fe;0, cores, the size of the
as-prepared Fe;O4—Ag nanocomposites were controlled from
several nanometers to micrometers. In addition, heterodimers of
Fe;04 hollow nanospheres and Ag nanoparticles were also suc-
cessfully achieved based on the reactions at a liquid—liquid inter-
face.*! However, the Ag component in most of the above
products was located on the surface of the magnetic carrier,
structures with an Ag core and Fe;O, shell were rare. Recently,
Chen and his colleagues reported the preparation of a unique
Ag—Fe;0, composite nanosphere, in which the interior Ag
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nanocrystals show high efficiency for the epoxidation of styrene
to form styrene epoxide.** Therefore, there will become a press-
ing need for Fe;0,4 encapsulated Ag core—shell nanocomposites,
not only for fundamental interest but also for their high
efficiency and facility.

Herein, superparamagnetic Ag@Fe;0,4 core—shell nanospheres
were prepared by a facile one-pot hydrothermal procedure with
polyacrylamide (PAM) and sodium citrate used as surfactant,
and Fe(NO3); and AgNO; used as ion precursors. Notably, the
fabrication occurred in aqueous solution and no harmful reagent
was used, which indicated a green chemical reaction. The diam-
eter of the as-synthesized nanospheres was about 200 nm and
the core sizes were between 50 and 100 nm. The influences of
the concentrations and time on the final products were investi-
gated and the formation mechanism was discussed. The core—
shell nanospheres show high performance in the -catalytic
reduction of 4-nitrophenol (4-NP). In addition, these spheres
were magnetically separable and they exhibited stable reusable
catalytic properties. The porous magnetic shell allows chemical
and biological molecules onto the surface of the Ag core for
more applications in catalysis and biomedical fields.

2. Experimental
2.1 Materials

The chemicals used for the synthesis of the core—shell nano-
spheres were iron(ir) nitrate nonahydrate (Fe(NO3)3;-9H,0), tri-
sodium citrate dihydrate (CsHsO;Na32H,0), urea (CON,Hy),
polyacrylamide (PAM) and silver nitrate (AgNOs3). All of the
chemical reagents were analytical grade and used without further
purification. Deionized water was used for all experiments.

2.2 Synthesis of core—shell Ag@Fe;04 nanospheres

Core—shell Ag@Fe;0,4 nanospheres were prepared by a one-pot
hydrothermal method. In a typical synthesis, 1 mmol Fe
(NO3);°9H,0, 3 mmol sodium citrate (C¢HsO,Nas-2H,0) and
6 mmol urea were dissolved in 15 mL distilled water. Then
0.15 g PAM was added under continuous stirring until it was dis-
solved totally. At last, 0.5 mmol AgNO; which was dissolved in
5 mL distilled water was dropped slowly into the former solution
until it had dissolved. The solution was transferred to a 30 mL
Teflon-lined autoclave. The autoclave was then sealed and main-
tained at 200 °C for 12 h. After the autoclave had cooled down
to room temperature naturally, the black precipitation was col-
lected by magnetic separation, washed with distilled water and
absolute ethanol several times, and dried under vacuum desicca-
tion at 50 °C overnight.

2.3 Catalytic properties of Ag@Fe;0,4 core—shell nanospheres

0.0187, 0.0262, and 0.0370 mg mL~' of solution containing
core—shell Ag@Fe;0,4 nanospheres was mixed with 4-NP and
the volume of the mixture was adjusted to 30 mL with deionized
water. Then 10 mL of fresh NaBH, solution was rapidly injected
under constant stirring. The yellow color of the solution gradu-
ally vanished, indicating the reduction of 4-NP (¢ (4-NP) = 5 x

10 = mol L™"). The concentration of 4-NP was determined
spectrophotometrically at a wavelength of 400 nm using UV/vis
measurement.

Similar to the above reduction process, 0.0370 mg mL™" of
solution containing core—shell Ag@Fe;0,4 nanospheres was used
to catalyze 4-NP (¢ (4-NP) =5 x 10 ~> mol L™}, ¢ (NaBH,) =
3.2 x 10 = mol L™"). After reaction for 30 min, core—shell
Ag@Fe;0,4 nanospheres were collected by using a small
magnet, washed twice with deionized water, and then reused.
The same procedures were repeated 5 times and the core—shell
Ag@Fe;04 nanocatalyst still exhibited stable catalytic activity.

2.4 Measurements and characterization

X-ray powder diffraction (XRD) patterns of the products were
obtained with a Japan Rigaku DMax-yA rotation anode X-ray
diffractometer equipped with graphite monochromatized Cu Ko
radiation (4 = 0.154178 nm). Transmission electron microscopy
(TEM) images were taken on a JEM-2011 with an accelerating
voltage of 200 kV TEM. The field emission scanning electron
microscope (FE-SEM, 20 kV) images were taken on a JEOL
JSM-6700F SEM. X-ray photoelectron spectra (XPS) were
measured on an ESCALAB 250. The UV/vis spectra were
recorded using a UV-365 spectrophotometer. Infrared (IR)
spectra were recorded in the wavenumber range 2000500 cm™"
with a Nicolet Model 759 Fourier transform infrared (FT-IR)
spectrometer using a KBr wafer. Their magnetic properties (M—
H curve) were measured at room temperature on an MPMS XL
magnetometer made by Quantum Design Corporation.

3. Results and discussion

3.1 Preparation and characterization of the Ag@wFe;0,4
nanospheres with a typical core—shell nanostructure

Superparamagnetic nanospheres with Ag core and Fe;O,4 shell
were prepared in a sealed system by reduction reactions between
the Ag", Fe*" and the sodium citrate. The crystalline structure of
the product was characterized by XRD and the diffraction
pattern was shown in Fig. 1. The reflection planes of (220),
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Fig. 1 XRD pattern of the as-prepared Ag@Fe;04 nanospheres.

This journal is © The Royal Society of Chemistry 2012

Dalton Trans., 2012, 41, 4594-4601 | 4595



22004
2000+
1800

1600

Intensity(a.u.)

1400

1200

1000

T T T T T T T
1600 1200 800 400

Raman shift (cm™)

Raman spectrum of the as-prepared Ag@Fe;04 nanospheres.

N

Fig. 3 SEM image (a) and TEM images (b,c,d) of the as-prepared
Ag@Fe;0,4 nanospheres.

(311), (400), (422), (511), and (440) are observed and the face-
centered cubic structure of the Fe;O, (JCPDS Card No.
75-0033) was identified. In addition, three peaks located at 38°,
44°, and 65° are found, which represent the Bragg reflections of
the Ag ((111), (200), and (220) reflection planes (JCPDS card
No. 04-0783). To further investigate the composition of the
obtained product, a Raman spectrum was obtained and the spec-
trum is shown in Fig. 2. In this region the strongest peak at
667 cm™', which is attributed to the Ay, mode of Fe;0y, is
observed. The peak at 533 em™! s the T,, mode of Fe;04.
These two main characteristic peaks for magnetite suggest the
presence of Fe;0,.** Based on the XRD and Raman analysis, it
can be concluded that an Ag—Fe;O4 composite is successfully
synthesized by using a simple one-step method.

The sizes and shapes of the samples were examined by TEM
and SEM. Fig. 3a shows a representative SEM image which
clearly indicates that the as-prepared Ag@Fe;0, nanocomposite
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70 720 730 740
Binding Energy (eV)

Fig. 4 High-resolution XPS spectrum of as-prepared Ag@Fe;0, nano-
spheres between 740 and 700 eV.

shows a typical spherical nanostructure. All the particles are
uniform and well dispersed on the copper grid without any large
aggregations. The average diameter of the nanospheres is around
200 nm. Moreover, the surface of the particles is rough and no
surface cracks and intersphere adherence are found. The well dis-
persed nature of the Ag@Fe;O04 nanospheres is also clearly
demonstrated from the TEM image. As shown in Fig. 3b, the
Ag@Fe;0,4 composite nanospheres are composed of two distinct
components, which demonstrates that a defined core—shell
nanostructure is successfully achieved. The average diameter is
about 200 nm and this agrees well with the SEM analysis. Here,
the black core is the single crystal Ag and the gray shell is com-
posed of nanosized Fe;O04. XPS was employed to study the
surface properties of the product. Fig. 4 shows the high-resol-
ution XPS spectrum of Ag@Fe;O4 nanospheres between 740
and 700 eV. The photoelectron peaks located at 711 and 725 eV
correspond to the Fe2p;, and Fe2p,,,, respectively. The values
are consistent with the XPS data for Fe;O4. In addition, the main
metal signal detected by the XPS is Fe, which further indicates
the as-prepared nanocomposites show an Ag core—Fe;O, shell
nanostructure.

Fig. 3¢ shows a TEM image of a typical single Ag@Fe;0,4
nanosphere. The shape of the Ag core is irregular and the
average diameter is about 50 nm. The Ag core is well wrapped
by the coating shell, and the thickness of the Fe;O4 shell is
about 70 nm. The Fe;0y shell is polycrystallized and it is com-
posed of many tiny secondary Fe;O,4 nanocrystals. According to
the Scherrer equation, the average crystallite size of the Fe;O4
which is calculated based on the XRD pattern is about 10 nm
(Fig. 1), which agrees well with the TEM observation. A repre-
sentative high resolution TEM image of the as-prepared
Ag@Fe;04 nanosphere is shown in Fig. 3d; it is observed that
the Fe;O4 nanocrystals are well crystallized and they show a
polyhedron-like nanostructure. Energy-dispersive X-ray spec-
troscopy (EDS) shows that the Ag, Fe, and O eclements are
present in the spectra, which indicates the formation of Ag and
Fe;0,4 (Fig. 5). The Cu and C signals in the EDS spectrum orig-
inate from the carbon-coated copper grid. These results agree
well with the above analysis.
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Fig. 5 EDS spectrum of as-prepared Ag@Fe;0,4 nanospheres.

45
1 —a— Adsorption
404 oo —e— Desorption
o 1 00016
a2 5o
3 30 § 00010 /
g 0.0008- (
B 3 o] | |
g 251 = e [\
]
$ 20 00002
u 0.0000
<15_ 50 15 2 5 N B 40 4
a ] Pore Diameter (nm)
S 104
g J
g 5]
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/pg)

Fig. 6 Nitrogen adsorption—desorption isotherm and BJH pore plot
(inset) of the as-prepared Ag@Fe;0,4 nanospheres.

The secondary Fe;O,4 nanocrystals exhibit a polyhedron-like
shape and they are randomly packed to form a spherical shell,
thus there must be a lot of interparticle and nonordered mesopor-
osity in the samples. In our case, the Ag nanocrystal is encapsu-
lated by a layer of porous shell and the specific surface area of
the Ag@Fe;04 nanospheres was characterized using the Nitro-
gen adsorption—desorption technique. Fig. 6 presents the nitro-
gen adsorption—desorption isotherms and BJH pore size
distribution curves (inset in Fig. 6). The nitrogen adsorption—
desorption isotherms show typical type-IV curves, indicating the
presence of interparticle and nonordered mesoporosity in the
sample. In this case, the pores arise from the spaces among the
nanocrystallites within a porous Fe;Oy4 shell, thus the pores are
not very uniform.** According to the BJH pore distribution
curve (inset in Fig. 6), a major pore size is found to be 7.5 nm.
The BET surface area of the core—shell nanospheres is about
22.6 m> g”', indicating the presence of mesopores in the
Ag@Fe;04 nanospheres, which agrees well with the TEM analy-
sis result (Fig. 4c and d). Although the BET value is lower than
the porous Fe;Oy4 micro/nanospheresf‘s_47 it is higher than the
value of dense spheres (8.3 m® g~')*® and hollow single-
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Fig. 7 Magnetic hysteresis loop of as-prepared Ag@Fe;O4 nano-
spheres at room temperature.

crystallized spheres (13.5 m?> g~').*° Therefore, the Ag core is

encapsulated by a layer of porous Fe;O, shell. Because the Ag
cores are solid and non-porous, the BET area of the Ag@Fe;04
nanospheres is lower than the hollow Fe;0,4 nanospheres with a
porous shell. Due to the presence of the nanopores, many bio-
molecules and small molecular reagents can enter into the Fe;O4
porous shell and approach onto the surface of the Ag core,
which enables this kind of core—shell particle to be widely
applied in adsorption and catalysis.

Inherited from the magnetic Fe;O4 shell, the Ag@Fe;0,4
nanospheres exhibit typical superparamagnetic characteristics.
The magnetic properties of the Ag@Fe;O4 nanospheres were
investigated by using a superconducting quantum interference
device magnetometer. From the room-temperature magnetization
hysteresis loop (Fig. 7), it is found that saturated magnetization
value of the core—shell Ag@Fe;0, nanospheres is 27.4 emu g~ .
This value is lower than the hollow porous Fe;O4 nanospheres,
which may be attributed to the presence of Ag. However, it is
much higher than the previously reported Fe;O, based nanocata-
lyst.>> Actually, with decreasing the starting [Ag"], the M of the
final Ag@Fe;04 nanocomposite increases. (Fig. SI21) No
remnant magnetization or coercivity is found in the curve, indi-
cating the obtained nanocomposites are superparamagnetic at
room temperature. Here, the average secondary crystal size of
the Fe30y4 shell is smaller than 20 nm (the critical value r.) and
each Fe;O4 nanocrystal is a single domain, thus the Fe;O,4 shell
exhibits superparamagnetic characteristics.

3.2 The parameters influencing the Ag@Fe;0,4 nanospheres

The final core-shell Ag@Fe;O, products are influenced by
many factors. A series of contrastive experiments were con-
ducted and indicated that both the concentrations of AgNO; and
Fe(NO3); significantly affect the nanostructure of the
Ag@Fe;0,. When the concentration of Fe(NOs); was fixed
(5x1072 mol L"), the average Ag core sizes of the product
increased with increasing the Ag concentration. Fig. 8a shows a
TEM image of the Ag@Fe;0, products which were synthesized
with a AgNO; concentration of 5.0 x 10~ mol L™'; only a
1040 nm sized Ag core is obtained. However, when the
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Fig. 8 TEM images of the products obtained at different concen-
trations of AgNOj5: (a) 5.0 x 107> mol L™", (b) 2.5 x 107> mol L™, the
concentration of Fe(NOs);:9H,0 was 5 x 107> mol L™'; TEM images of
the products obtained at different concentrations of Fe(NO3);-9H,0: (c)
2.5 %1072 mol L7}, (d) 5 x 1072 mol L™, the concentration of AgNO;
was 2.5 x 107> mol L™".

concentration was increased to 2.5 x 1072 mol L™, the core size
increased to 50-100 nm. Interestingly, if the concentration of
AgNO; was kept a constant (2.5 x 1072 mol L™"), the size and
the core size of the nanospheres decreased with increasing
[Fe*']. Fig. 8c and d show TEM images of the Ag@Fe;04 pro-
ducts under different [Fe*']. Clearly, the size of the products
decreases from 350 to 200 nm, when the [Fe**] corresponds to
2.5 x 1072 and 5 x 1072 mol L™, respectively. Based on the
above analysis, it can be concluded that particles with tunable
core size and size are successfully achieved by varying the con-
centrations of the precursor.

3.3 Possible mechanism for the formation of the core—shell
Ag@Fe3;04 nanocomposite

To investigate the formation mechanism of the core—shell nano-
spheres, the detailed growth process of the Ag@Fe;0, product
was carefully followed by time-dependent experiments. Fig. 9a
shows a TEM image of the sample that was synthesized after the
reaction was performed for 1 h and just a gray colored precipi-
tation was obtained. The XRD (Fig. 10) analysis indicates the
as-prepared 100 nm sized nanoparticles are pure Ag. Thus the
Ag core (Fig. 9a) was firstly produced at the beginning of the
reaction. Due to Ag being a metal element, no specific signals
are found in the FT-IR spectrum (Fig. 11). When the reaction
time was increased to 3 h, a brown powder was obtained. In the
XRD pattern, peaks belonging to Fe;O4 appeared besides the Ag
peaks, which demonstrated that the Fe;O4, component was
present in the product. In this case, a strong FT-IR absorbing

Fig. 9 TEM images of the products obtained at different reaction
times: (a) 1 h, (b) 3 h, (¢) 6 h, (d) 12 h, (e) 18 h, and (f) 24 h. The other
conditions were the same as the typical synthesis.
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Fig. 10 XRD patterns of the products obtained at different reaction
times. The other conditions were the same as the typical synthesis.
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Fig. 11 FT-IR spectrum of the products obtained at different reaction
times.
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Fig. 12 TG of the as-prepared Ag@Fe;04 nanospheres.

peak located at 590 cm™' which was attributed to the Fe-O
stretching vibration was found.>' Fig. 9b shows a TEM image of
the as-prepared sample; it can be observed that a pale shell was
coated on the surface of the black core, indicating the formation
of a Fe;0y4 shell. The surface of the core—shell particle is rather
rough and polyhedron like nanocrystals have not been found.
Further extending the reaction time to 6 h, the crystallization of
the magnetite was increased. As shown in Fig. 9¢, some schis-
tose nanostructure was found on the outermost surface of the
core—shell particles and there were some pale regions at interior
of the shells, suggesting the pores were achieved during this
process (Fig. 9¢ and d). As soon as the reaction was conducted
for 12 h, Ag@Fe;04 nanospheres with solid core and porous
shell were successfully prepared. Clearly, the Fe;O,4 shell was
composed of tiny primary nanocrystals and these nanograins
were randomly packed to form the interparticle and nonordered
mesopores (Fig. 9¢). In comparison to the XRD pattern for the
6 h sample, the peaks for Fe;O, (XRD pattern for the 12 h
sample) sharply increased, indicating more crystallized Fe;Oy4
component was obtained. When the time was further increased
to 18 h, the product was similar to the 12 h one except the
shell of the sphere seems to be much looser (Fig. 9f). At last,
when the reaction time was extended to 24 h, some yolk like
nanoparticles were obtained and the porous nature was more
obvious.

Fig. 11 shows a FTIR spectrum of the final Ag@Fe;0,4 nano-
spheres. Besides the Fe—O stretching vibration, the peaks at 1710
and 1460 cm™' are attributed to C=0 and C-N vibrations,
which demonstrates that there are some citrate and PAM residues
presented in the core—shell nanospheres. Fig. 12 illustrates the
results of the thermogravimetric analysis of the Ag@Fe;O04
nanospheres. The first weight loss from 100 to 250 °C belongs
to the evaporation of the adsorbed water, while the weight loss at
higher temperature (250-460 °C) could be attributed to the
decomposition of the citrate and PAM. With further increasing
the temperature, the Fe;O4 could transfer to Fe,O; and the
weight will increase. Therefore, no obvious weight loss before
the temperature was higher than 530 °C was observed. The last
weight loss could be due to the decomposition of the residue
citrate and PAM. When the temperature increases from 630 to
900 °C, the weight also increases due to the transformation.

Based on the above analysis, a possible formation mechanism
is proposed. At the beginning of the reaction, Ag particles were
formed by the reaction of the Ag precursor. In the synthesis
system, citrate is a reducing reagent and it is active enough to
reduce the Ag' to form Ag nanoparticles. Due to the presence of
PAM, the viscosity of the reaction system is relatively high. Thus
the obtained Ag nanoparticles are stable and can be well dis-
persed in the solution. Moreover, the Fe", citrate, and PAM can
form a Fe-complex precursor because of the coordination and
this precursor is stable within a short reaction time.’® With
increasing the reaction time, the Fe;O, component was formed
and it preferred to grow on the surface of the Ag core due to the
surface activity. Though a uniform coating has been covered on
the Ag nanoparticle to form a core—shell nanostructure, the
Fe;0,4 shell is not well crystallized and part of it is amorphous.
With further increasing the reaction time, the core—shell particles
experienced the Ostwald ripening process and a more crystal-
lized Fe;O, shell was obtained.>* At last, composite particles
with a single crystal Ag core and polycrystallized Fe;O,4 shell
were successfully achieved. During the ripening, the amorphous
Fe;0,4 transformed to polyhedron like nanocrystals and thus the
mesopores were produced due to the loose packing of the Fe;O4
nanocrystals (Scheme 1). The presence of the PAM can make the
Fe;0,4 nanocrystals tightly linked with other nanocrystals to form
a stable shell. Moreover, the inter-particle adherence of the
Fe;04 nanocrystals was reduced and thus the final Ag@Fe;04
nanospheres possessed superparamagnetic characteristics.

If the starting [Ag '] is low, the size of the as-formed Ag nano-
crystals is very small and a Ag@Fe;04 nanosphere with a tiny
core is formed. With increasing the [Ag'], the size of the
primary Ag increases. Therefore, Ag@Fe;0,4 nanospheres with
different Ag cores can be synthesized by varying the [Ag'].
When the [Ag*] was kept at a constant value, the concentration
of the Fe-complex increased with increasing [Fe’'] and this
might lead to a high viscosity. Thus the size of the Ag core
decreased with increasing [Fe**], which further led to the decre-
ment of the particle size. Therefore, the total size of the
Ag@Fe;0,4 nanosphere can also be controlled by turning the
[Fe* . Interestingly, when the [Fe*™] is small enough, the Fe;04
can not form an intact shell on the Ag surface and only binary
structured Ag—Fe;04 nanoparticles were achieved (Fig. SI1t).
As a result, this facile hydrothermal method can be employed to
synthesize Ag—Fe;0,4 bi-functional nanocomposites and the
shape and size of the products are controllable by varying the
synthesis parameters. These nanospheres can be easily manipu-
lated by externally applying a magnetic field, thus they could be
used as bio-absorbers or catalyst carriers.

3.4 Application of Ag@Fe;0,4 core—shell spheres for the
catalytic reduction of 4-NP

The reduction of aromatic nitro compounds is commonly used
for studying the catalytic performance of Ag microspheres.’*>*
Therefore, the catalytic property of the as-prepared Ag@Fe;04
nanospheres was determined by using 4-NP as the substrate.
After the addition of sodium borohydride into the catalytic sol-
ution, the absorption maximum of 4-NP shifts to 400 nm due to
the formation of 4-nitorphenolate. Fig. 13 shows the UV/vis
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Scheme 1 A schematic illustration of the formation of the Ag@Fe;0, core—shell nanospheres.
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Fig. 13 UV/vis spectra of the reduction of 4-NP by adding 0.0370 mg
mL™" Ag@Fe;0, nanospheres suspension.

absorption spectra of the reaction solution during the catalytic
reductions. The maximal absorption (A,,x = 400 nm) of the dyes
gradually decreases in time, indicating the reduction of the 4-
nitorphenolate. No deactivation or poisoning of the catalyst is
observed and the catalytic reduction proceeds successfully. The
catalytic rate of the dyes increases with increasing the catalyst
concentration. As shown in Fig. 14, the dyes can be degraded
within 30, 45 and 70 min when the concentrations of the dye
correspond to 0.0187, 0.0262, 0.0370 mg mL™", respectively.
Moreover, the Ag@Fe;0,4 nanospheres show superparamagnetic
characteristics and they can be well dispersed into the reaction
solution without quickly aggregating. After the catalytic reaction,
these core—shell particles could be simply separated by applying
a small magnet. Fig. 15 shows the reusability of the Ag@Fe;04
nanospheres as a catalyst for the reduction of 4-NP with NaBHj,.
It is found that after 5 recycling reactions, the 4-NP still can
convert to 4-AP with the conversion rate reaching about 85%.
Therefore, the as-prepared Ag@Fe;0O, nanospheres were proven
to be a potent recyclable nanocatalyst for the industry
application.
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Fig. 14 Curves of conversion vs. time at different concentrations of the

catalyst: (a) 0.0187 mg mL™", (b) 0.0262 mg mL™", (c) 0.0370 mg
mL™",

100

Conversion (%)

Cycle

Fig. 15 The reusability of the Ag@Fe;0,4 nanospheres as a catalyst for
the reduction of 4-NP with NaBHj,.
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4. Conclusions

In summary, we have demonstrated a facile preparation of core—
shell Ag@Fe;0,4 spheres by mixing Fe(NOs);s, citrate, polyacryl-
amide, urea and AgNO; in a mild reaction system. The shape
and size of the products are controllable by varying the synthesis
parameters. The time dependent experiments were constructed to
investigate the synthesis procedure, which indicated the present
method corresponded to an Ostwald ripening progress. The
obtained core—shell Ag@Fe;0,4 nanospheres can be dispersed in
water and ethanol, exhibiting superparamagnetic properties and a
porous shell structure. The saturated magnetization of the super-
paramagnetic Ag@Fe;0, nanospheres is 27.4 emu g~' at room
temperature, which enable them to be recycled from the solution
by simply applying a small magnet. The unique structure of
core—shell Ag@Fe;0,4 nanospheres can be efficiently extended
to catalytic and biological applications, such as integrated
imaging, targeted delivery, and photothermal therapy.
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