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Au-FezO4 hybrid hollow spheres have been successfully synthesized by a one-pot process via the hydro-
thermal treatment of FeCls, HAUCly, citrate, urea, and polyacrylamide (PAM). The amount of Au nano-
particles located in the hybrid hollow spheres can be tuned by changing the molar ratio of Au/Fe
precursors. A possible synthetic mechanism of the Au—-FezO4 hybrid hollow spheres has been proposed.
The obtained hybrids exhibit not only a superior surface-enhanced Raman scattering (SERS) sensitivity,
but also an excellent catalytic activity. The detection limit of the Au—FezO4 hybrid hollow spheres (the
Au/Fe molar ratio is 0.2, Au—Fez04-0.2) for R6G can reach up to 107*° M, which can meet the required
concentration level for ultratrace detection of analytes using SERS. Furthermore, the catalytic experiments
of the Au—Fez04-0.2 hybrid hollow spheres demonstrate that the model of 4-nitrophenol (4-NP) mole-
cules can be degraded within 3 min and the catalytic activity can be recovered without sharp activity loss
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in six runs, which indicates their superior catalytic degradation activity. The reason may be due to
the highly efficient partial charge transfer between Au and FezO,4 at the nanoscale interface. The results
indicate that the bifunctional Au—FesO4 hybrid hollow spheres can serve as promising materials in trace
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1. Introduction

Assembling several materials into a single nanoparticle with
tunable composition, size, and morphology is a promising
strategy for achieving novel properties with applications in
diverse areas such as optics," magnetics,” catalysts,> chemical
sensors,” biomedical applications® and so on. To date,
significant advances in the controlled synthesis of composite
nanoparticles have been made.® As one of the hybrid nano-
materials, gold-iron oxide nanocomposites (Au-Fe;O,) have
been particularly attractive to researchers recently due to their
combined optical, catalytic, and magnetic properties.” > Metal
oxide deposition on noble metals is known to affect their
optical properties, e.g., the plasmon resonance frequency
is shifted.">'* From this viewpoint, composite structures
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detection and industrial waste water treatment.

comprising of nanometric iron oxide particles and gold nano-
particles have significant potential.

Nowadays, a number of procedures have been reported for
preparing such Au-Fe;O, hybrid nanoparticles.”"*™° For
example, Sun and co-workers'® have reported the synthesis of
dumbbell-like Au-Fe;0, nanoparticles using decomposition of
Fe(CO);5 on the surface of pre-formed Au particles, followed by
oxidation in 1-octadecene. Fe;0,-Au core-shell nanoparticles
could be prepared with room-temperature coating of Au on the
surface of Fe;O, nanoparticles by reducing HAuCl, in a chloro-
form solution of oleylamine.” Guo et al.'® have synthesized
diverse noble-metal/Fe;0,, TiO,, and carbon nanotube hybrids
using 3-aminopropyltrimethoxysilane (APTMS) as a linker, and
found that the hybrid materials exhibited superior electro-
chemical properties. Liu et al.”® have used a two-step nano-
emulsion process to synthesize Au-Fe;O, hybrid core-shell
nanoparticles in one pot by using nontoxic precursors. They
found that the structural arrangement enhanced the magnetic
and optical functionalities beyond those of the individual com-
ponents. However, these methods mentioned above either
need toxic and expensive reagents or surfactants such as oleyl-
amine and Fe(CO)s, or require multiple steps which are often
accompanied by some disadvantages such as low efficiency
and tedious processing steps. On the other hand, hollow
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metallic nanostructures, in addition to advantages of high
specific surface, low density, saving of material and reduction
of cost, are exceptionally promising materials due to their
intriguing surface plasmonic properties and catalytic activities
different from their solid counterparts. However, to the best of
our knowledge, there have been few reports on the synthesis of
hollow Au-Fe;O, hybrid spheres. Thus, it is highly attractive
and of great significance to develop a facile, reliable, inexpen-
sive, and controllable strategy to fabricate Au-Fe;O, hollow
spheres by using a nontoxic solvent and reagents under mild
conditions and to explore their potential applications from
both scientific and applicability perspectives.

Herein, we present a simple one-pot method for the syn-
thesis of Au-Fe;O, hollow nanocomposites based on the
hydrothermal treatment of FeCl;-6H,0, HAuCl,, citrate, poly-
acrylamide (PAM), and urea. The weight ratio of the Au nano-
particles located in the hybrid particles can be controlled by
varying the concentration of the precursors. Owing to the less
expensive and nontoxic raw reaction materials, especially water
as the solvent, our method represents an economical and
green approach for the controlled synthesis of Au-Fe;0,
hybrid hollow spheres. The as-prepared Au-Fe;O, hollow
hybrids exhibit pronounced surface-enhanced Raman scatter-
ing (SERS) activity, which may possibly be used as an optical
probe with magnetic function for application in high-sensi-
tivity bioassays. Meanwhile, they have excellent catalytic
activity for the reduction of 4-nitrophenol (4-NP) in the pres-
ence of NaBH,. More importantly, the obtained hollow hybrids
exhibit high water solubility and magnetic properties with rela-
tively high saturation magnetization at room temperature,
which are of special importance in potential applications.

2. Experimental section
2.1. Synthesis of Au-Fe;0, hybrid hollow spheres

Au-Fe;0, hybrid hollow spheres were prepared by the one-pot
hydrothermal method. All of the chemical reagents were of
analytical grade and used without further purification. In a
typical synthesis, 0.45 mmol of FeCl;-6H,O, 1.2 mmol of
sodium citrate (C¢Hs;0,Naz;-2H,0), 1.8 mmol of urea, and
0.09 g of PAM were dissolved in distilled water. Then, a certain
amount of HAuCl, was added under vigorous stirring until it
was totally dissolved. The total volume of the reaction solution
is about 12 mL. After an hour, the solution was transferred to
a 15 mL Teflon-lined stainless-steel autoclave. The autoclave
was then sealed and maintained at 200 °C for 12 h. After
the autoclave had cooled down to room temperature naturally,
the black products were separated magnetically. The obtained
sediments were washed with distilled water and absolute
ethanol several times, and then dried in a vacuum desicca-
tion oven at 60 °C overnight. In this synthesis, the final
products which are synthesized under different Au/Fe molar
ratios of 0, 0.05, 0.1, 0.2 and 0.5 are defined as Au-Fe;0,-0,
Au-Fe;0,-0.05, Au-Fe;0,4-0.1, Au-Fe;0,4-0.2, and Au-Fe;0,-0.5,
respectively.
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2.2. SERS measurements

Rhodamine 6G (R6G) dye was used as Raman probes for the
SERS sensitivity of the Au-Fe;0, hybrid hollow spheres. Typi-
cally, an aqueous solution of Au-Fe;0, hybrid hollow spheres
with different Au/Fe molar ratios (20 pL) was added dropwise
onto a glass substrate and dried under ambient conditions,
and then a 1 x 10~ M ethanolic solution (20 pL) of R6G was
added dropwise onto the resulting nanostructure film and
allowed to dry. After washing the substrate with ethanol and
drying under N,, SERS spectra were recorded under ambient
conditions.

2.3. Catalytic properties

The reduction of the 4-NP compound by the water-soluble Au-
Fe;0, hybrid hollow spheres in the presence of NaBH, was
carried out to examine the catalytic activity and recyclability of
the Au-Fe;O, hybrid hollow spheres. 2.1 mL of deionized
water, 0.15 mL of 1 x 10~ M 4-NP, and 0.75 mL of 0.1 M
NaBH, solutions were added into a quartz cuvette followed by
addition of 2 mg of water-soluble Au-Fe;O, hollow spheres to
the mixture. The color of the mixture gradually changed from
yellow to colorless. During the reaction, a quantitative portion
of the mixture was taken at regular intervals and analyzed by
UV-vis spectroscopy. For the recycling experiment, the catalysts
were collected using an external magnetic field, washed two
times with deionized water, and then reused for the reduction
of 4-NP repeatedly.

2.4. Characterization

The phase and composition of the products were determined
using a Rigaku D/Max-gA rotating-anode X-ray diffractometer
with monochromatic high-intensity Cu-Ka radiation (4 =
1.54187 A). The morphologies and structures of the products
were observed with field emission scanning electron
microscopy (FESEM, Quanta-200, FEI, USA). Transmission
electron microscopy (TEM) and energy dispersive spectroscopy
(EDS) studies were conducted on a JEM-2010 microscope with
an energy dispersive X-ray detector. UV-vis absorption spectra
of the products were recorded with a Shimadzu DUV-3700 UV-
vis spectrophotometer. Specific surface areas were calculated
using the Brunauer-Emmett-Teller (BET, Ommishop 100 cx)
model, and the pore size distributions were evaluated from the
desorption branches of the nitrogen isotherms using the
Barrett-Joyner-Halenda (BJH) model. Magnetic properties of
the products were measured on a superconducting quantum
interference device (SQUID) magnetometer at room tempera-
ture. Raman measurements were conducted on a confocal
microscopy DXR Smart-Raman Spectrometer (Thermo Scienti-
fic) equipped with a CCD detector and a holographic notch
filter. Radiation of 532 nm from an air-argon ion laser
(Spectra-Physics model 163-C4260) was used for excitation.
The laser beam was focused on a sample of about 2 pm in
size. The acquisition time was 2 s for each spectrum. For each
substrate, we took three SERS spectra in different positions of
the substrate and then averaged them.
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3. Results and discussion

3.1. Synthesis and characterization of Au-Fe;0, hybrid
hollow spheres

The essence of our one-pot methodology is based on a sol-
vothermal route, which involves a preliminary Au formation
stage, a complete hybrid stage, and an Ostwald ripening stage.
Scheme 1 shows the synthetic procedure of the Au-Fe;O,
hybrid hollow spheres. The homogeneous synthesis solution
contains Au precursor, Fe;O, precursor, PAM, urea, and tri-
sodium citrate in H,O. According to previous reports, at elevated
temperatures, citrate or citrate acid can serve as a reductant in
solution due to its hydroxyl group.?® The metallic ions are very
easy to reduce to form noble nanoparticles under the high
temperature reaction, so the Au nanoparticles can be formed
first during the stage. The Au nanoparticles are covered by the
existing C¢H;0,°~, which are available for stabilizing the par-
ticles and preventing the small particles from aggregating into
bigger ones. Due to the electrostatic interaction between the
C¢H50,°~ and Fe®', sorption of Fe*" on the Au NPs surface
occurs. With the increase of the reaction time, then into a
hybrid stage, part of the Fe*" ions will be reduced to Fe*" by
citrate. At the same time, urea decomposes into NH; and CO,,
which provides an alkaline atmosphere for the solution
system. The alkaline conditions lead to the formation of Fe(OH);
and Fe(OH), which will be transformed into Fe;O, after
dehydration. Due to the strong metal-oxide interaction at the
interface, heterogeneous nucleation of Fe;O, on the Au NPs
takes relative priority over self-nucleation in the solution. After-
wards, the newly formed amorphous particles aggregate into
round spheres, driven by minimization of the total surface
energy. In this stage, the cooperative influences of citrate and
PAM are critical for the formation of monodisperse hybrid
spheres. Their roles are interpreted as follows. For citrate,
aside from its reducing properties, it is also a chelating ligand
with strong coordinating ability, which can coordinate with Au
and iron ions (Fe*" or Fe") to form stable complexes.*’ The
formation of complexes can sharply reduce the availability of
free iron ions in aqueous solution, resulting in a slow reaction
rate which is crucial for the formation of well dispersed spheri-
cal products. The polymer PAM plays two roles in this syn-
thesis system. On the one hand, PAM can work as a capping
agent for the stabilizer.>” Due to the large amount of amide
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Scheme 1 The formation process of the Au—FezO,4 hybrid hollow spheres.
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ligands, PAM can be absorbed on the surface of the product,
consequently stabilizing the primary particles. On the other
hand, with the introduction of PAM, the viscosity of the solu-
tion becomes greater. The increased viscosity will slow down
the reaction rate as well as the movement rate of primary nano-
particles,
enough time to aggregate into regular round spheres. Finally,
with the further increase of the reaction time, the well known
Ostwald ripening process and the gaseous cavities formed by
the decomposition of less urea dominate the morphological
evolution of hollow spheres.

Fig. 1 gives a series of X-ray diffraction (XRD) patterns of
the Au-Fe;0, hybrid hollow spheres with various Au/Fe molar
ratios. When no HAuCl, was added to the starting solution,
only pure Fe;O, hollow spheres were obtained as the final
product (Fig. 1a). Six major reflections appearing in curve a
located at about 30.4°, 35.4°, 43.2°, 53.4°, 57.2°, and 62.7° can
be assigned to diffraction of the Fe;O, crystal with an inverse
spinel structure from the (220), (311), (400), (422), (511), and
(440) (JCPDS card no. 01-1111), respectively. No other peaks
were observed in curve a, indicating that the spheres are in
pure Fe;0, crystalline phase. With the increase of the amount
of HAuCl,, there are other diffraction peaks at 38.1°, 44.3°,
64.6° and 77.5° present in curves b-e, which correspond to the
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(111), (200), (220) and (311) planes of the gold crystal with a
cubic phase (JCPDS card no. 02-1095).>* The evolution of the
diffraction peaks from fcc Au is clearly seen in the patterns. As
the Au proportion increases, the diffraction from Au domi-
nates the patterns, and the diffraction from Fe;O, becomes
weak due to the heavy atom effect of Au."® This result further
proved that the Au to Fe weight ratio in the particle can be con-
trolled in the synthesis.

The morphology and structure of the as-synthesized pro-
ducts were investigated by transmission electron microscopy
(TEM) and field emission scanning electron microscopy
(FESEM), respectively. Representative images of the typical
sample of Au-Fe;0,-0.2 are shown in Fig. 2. A panoramic view
reveals that the as-prepared products consist of uniform
spherical particles without any impurities (Fig. 2a), and the
average size of the microspheres is approximately 200 nm. In
the high magnification SEM image (Fig. 2b), a great number of
cracks on the surface of the spheres can be clearly observed,
indicating the porous structure of the spheres. From the
typical TEM image (Fig. 2c), we can observe that the spheres
have a pale center region in contrast to a dark edge, suggesting
that the spheres are hollow. The shell thickness is about
40 nm and the surface is relatively rough, which indicate that
the shell is composed of irregular shaped tiny primary nano-
crystals. Surprisingly, there are some small black dots (20 nm)
randomly distributed in the shell of the hollow sphere, which
suggests that the as-prepared microspheres are composed of
Au and Fe;0, two components. To further determine the com-
position of the samples, energy dispersive spectroscopy (EDS)
was performed on an individual composite particle. The spec-
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trum in Fig. 2d indicates the presence of Fe, Au, and O
elements, proving the formation of Fe;0, and Au. The signals
of Cu, Cr, and C in the EDS spectrum originate from the
carbon-coated copper grid. In this analysis, no Au signal is
found when the EDS are focused on the surface of the Fe;0,
shell region (Fig. 2e). Therefore, it is believed that the Au and
Fe;0, primary particles in the hollow spheres are randomly
distributed.

The weight ratio of the Au nanoparticles located in the
hollow spheres can be controlled by varying the Au/Fe molar
ratios of the precursors present in the reaction mixture. When
no HAuCl, was added to the starting solution, only pure Fe;0,
hollow spheres were obtained (Fig. 1a and Fig. S1}) (defined as
Au-Fe;0,-0). When the Au/Fe molar ratio increases to 0.05,
only a few black dots are observed on the shell of the hollow
spheres (Fig. S2b1) and the product consists of well dispersed
spheres with a coarse surface (defined as Au-Fe;04-0.05,
Fig. S2at). Fig. S31 shows SEM and TEM images of the Au-
Fe;0, composites which were prepared with a 0.1 Au/Fe molar
ratio. In this case, the black dots appearing in the hollow
spheres increase and the particles also increase with a coarse
surface (defined as Au-Fe;0,-0.1). With an increase of the Au/
Fe molar ratio (0.2), the number of Au domains in the hollow
sphere increases (Fig. 1d and 2c, defined as Au-Fe;0,-0.2).
With a further increase of the Au/Fe molar ratio to 0.5, more
Au nanoparticles are found and aggregate to form large black
dots in the hollow sphere (defined as Au-Fe;0,4-0.5, Fig. S4b¥).
Unfortunately, some of them grow out of the hollow spheres
(Fig. S4a and ct). Moreover, it is also noticeable that with the
increase of the weight ratio of Au nanoparticles, the products
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Fig. 2 SEM, TEM and EDS data of the Au—Fez04-0.2 hybrid hollow spheres: (a, b) SEM images, (c) TEM images and (d, e) EDS data taken from

different areas of the shell.
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Fig. 3 N, adsorption—desorption isotherms and BJH pore plots (inset) of the samples: (a) Au—Fez0,4-0 and (b) Au—Fez04-0.5.

will be transformed from a highly porous structure into a rela-
tively dense structure with a smooth surface.

This change can be substantiated by the measurement of
nitrogen adsorption-desorption isotherms and the Brunauer—
Emmett-Teller (BET) surface area (Fig. 3). According to the
IUPAC classification,* the isotherms could be categorized as
type IV with an inconspicuous hysteresis loop observed in
the range of 0.4-1.0P/P, for the sample Au-Fe;0,-0 and
0.05-0.95P/P, for the sample Au-Fe;0,4-0.5, indicating the pres-
ence of mesopores. The BET surface areas of the two hollow
spheres are 88.477 and 38.832 m” g, respectively, which are
much larger than the value for single crystal magnetite hollow
spheres reported in the literature (13.5 m”> g~').>*® BJH calcu-
lations for the pore size distribution (insets in Fig. 3a and 3b)
revealed that the distributions for the two samples are cen-
tered at approximately 1.6 and 2.0 nm, respectively. The meso-
pores on the two hollow spheres can be attributed to the
interspaces of the constituent particles. In addition, it is
clearly observed that with the increase of the weight ratio of Au
nanoparticles located in the hollow spheres, the value of the
surface area decreases to 38.832 m” g~ ' (Fig. 3b). This result
also reveals that an appropriate Au/Fe molar ratio is critical for
the formation of the desired hollow hybrid spheres.

The magnetic properties of representative samples of Au-
Fe;0,-0 and Au-Fe;0,4-0.5 hybrid hollow spheres were charac-
terized using a SQUID magnetometer at room temperature in
the applied field sweeping from —10 to 10 kOe (Fig. 4). The
specific saturated magnetizations (M) are 72.9 and 42 emu g~*
for Au-Fe;0,-0 and Au-Fe;0,-0.5 hybrid hollow spheres,
respectively. The decrease in M for the hollow hybrid spheres
is mainly due to the introduction of gold.>” On the basis of the
data for near zero magnetization, the coercivity shows (insets
in Fig. 4) a clear increase for Au-Fe;0, hollow hybrid spheres
(3 Oe for Au-Fe;04-0 and 11 Oe for Au-Fe;0,-0.5), reflecting
the fact that coercivity of a superparamagnetic nanoparticle is
related to a change in dipolar coupling or a change in the mag-
netic particle size.>® The increase in coercivity can be attribu-
ted to the increase of the Au weight ratio in the hollow
hybrids, which leads to a less-effective coupling of the
magnetic dipole moments. Moreover, the suspensions of the
Au-Fe;0,4-0.5 hybrid hollow spheres can be concentrated on
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Fig. 4 Magnetic hysteresis loops of the Au—Fez04-0 and Au—FezO4-
0.5 hybrid hollow spheres (the insets show their suspensions before and
after magnetic separation by an external magnet and the magnified low
field curves, respectively).

the side of the quartz cell by an external magnet within 40 s
(see the insets in Fig. 4), leaving the aqueous solution trans-
parent. After removing the magnet, the magnetite particles
will be redispersed in the aqueous solution by shaking. This
excellent water-dispersive ability and magnetic response allow
for the tracking or separation of such particles in a magnetic
gradient, paving the way for their sensitive detection and
recycling in practical applications.

3.2. SERS performance of the Au-Fe;0,4 hybrid hollow
spheres

Raman-active nanoparticles, as a class of emerging labels,
have been attracting considerable attention due to their appli-
cation in high-sensitivity bioassays. Traditional methods are
based on direct attachment of both the Raman reporter and
biomolecule to the nanoparticle probe. However, individual
spherical Au nanoparticles, which produced relatively weak
Raman signals for small organic compounds as labels, were
employed. According to theoretical calculations, a molecule at
the junction between aggregated nanoparticles can produce

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Raman spectra of R6G (10°° M) adsorbed on Au—FesO,4 hybrid
hollow spheres prepared with various Au/Fe molar ratios: (a) Au—FezO4-
0.05, (b) Au—Fez04-0.1, (c) Au—Fez04-0.2 and (d) Au—Fez04-0.5.

Raman scattering intensity several orders of magnitude higher
than a molecule on the surface of a single spherical nanoparti-
cle.*® Thus, it would be interesting to explore whether the as-
prepared hybrid magnetic hollow spheres could be used for
fabricating substrates for intense SERS. Fig. 5 depicts the SERS
spectrum of R6G (107° M) adsorbed on the surface of hybrid
hollow spheres prepared at different Au/Fe molar ratios. It is
found that all the four hybrid hollow spheres have superior
SERS sensitivity to R6G molecules. The peaks from 600 to
1700 cm™" are attributed to R6G signals. Vibrations at 1183,
1311, 1363, 1509, and 1651 cm ™" are assigned to C-H in-plane
bending, C-O-C stretching, and C-C stretching of the aromatic
ring,’ and a low concentration of R6G produces a clear
enhanced effect at 1651 cm™', which is one of the main
characteristic bands."! The peak at 772 cm™" is due to the out-
of-plane bending motion of the hydrogen atoms of the
xanthene skeleton.*” It is clearly seen that with the increase of
the Au weight ratio, the SERS signal intensity enhanced first
and then weakened. This phenomenon can be explained by
the following factors. First, the large weight ratio of Au located
in the hybrid hollow spheres can endow increased hot spots
and provide a significant Raman enhancement through EM
field enhancements. Second, the samples possessing a high
specific surface area can favor the adsorption of the probe
molecules, but with the increase of weight ratio of Au nanopar-
ticles located in the hollow spheres, the value of the surface
area decreases, which is not favorable for the adsorption of the
probe molecules. Third, these ordered magnetic samples
obtained by an external magnetic field can provide more active
sites which afford abundant potential “hot spots” to amplify
the local electromagnetic fields as well as the Raman signal.
When excited by the incident radiation, a collective surface
plasmon is trapped between the neighboring nanoscale gaps,
thus creating a huge local electric field at these gaps.*’
However, with the increase of the Au weight ratio in the hollow
hybrids, the coercivity shows a clear increase, which would
have an impairing influence on SERS due to a widening of the
energy gap for charge transfer and a decrease of the electrons

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Raman spectra of R6G with different concentrations adsorbed
on Au-Fes04-0.2 hybrid hollow spheres: (a) 10°® M, (b) 1077 M,
(c) 1078 M, (d) 10° M, and (e) 107%° M.

on the metal surface.*> At the beginning, with the increase of
the Au weight ratio, the first factor plays a key role, so the
SERS signal intensity enhances. When the molar ratio of Au/Fe
is larger than 0.2, the other two factors become dominant, so
the SERS signal intensity weakens. Thus the sample of Au-
Fe;0,-0.2 exhibits the highest enhancement efficiency.

Subsequently, a series of SERS spectra were performed for
R6G by varying its concentration from 107° to 107*° M. It can
be observed that the sample of Au-Fe;0,-0.2 significantly
reduces the detection limit of R6G adsorbed on the optimum
procedure-prepared hybrid substrate, as shown in Fig. 6. The
spectral intensities and resolutions are decreased by diluting
the concentration of the target molecule and the peak at about
1509 and 1651 cm™" can be observed clearly even at 107'° M.
These results demonstrate that the Au-Fe;0,-0.2 hybrid
hollow spheres have a good detection limit as an SERS
template. Thus, the hybrids could be applicable for the trace
detection of pollutants or other biomolecular species, and this
remains to be investigated.

3.3. Catalytic properties of the Au-Fe;0, hybrid hollow
spheres

With high specific surface area, functional and tunable shell
and magnetic properties, as-prepared hollow spheres are
expected to be widely applied in magnetic separable nanocata-
lysts. In order to investigate the catalytic performance of the
Au-Fe;0, hybrid hollow spheres, the reduction of 4-NP by
NaBH, is chosen as a model reaction. For the reduction
process of 4-NP, the extent of the reaction could be determined
by measuring the change of the absorbance at 400 nm. Fig. 7a
shows the typical UV-visible absorption spectra of 4-NP cata-
lyzed by the Au-Fe;0,-0.2 hybrid hollow spheres with an
appropriate Au weight ratio. After adding the Au-Fe;0, hybrid
spheres, the peak intensity at 400 nm decreases with a con-
comitant increase in peaks of 4-aminophenol (4-AP) at 230 and
300 nm. The disappearance of the peak at 400 nm indicates
the completion of the reaction within 3 min. And the color of
the mixture gradually changes from yellow to colorless.
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In light of the much higher concentration of NaBH, than
4-NP, the pseudo-first-order kinetics can be applied to evaluate
the catalytic activity of the Au-Fe;0, hybrid spheres. The con-
centration of 4-NP at time ¢ is denoted C,, and the initial con-
centration of 4-NP at ¢ = 0 is regarded as C,. The ratio of C; to
C, is measured from the relative intensity of absorbance (A,/
Ay). The linear relationship of In(C,/C,) versus time (¢) indicates
that the reduction of 4-NP by the Au-Fe;O, hybrid spheres
follows the pseudo-first-order kinetics (Fig. 7b). The rate con-
stant (k) is calculated to be 1.76 min~" from the slope, which
is higher than the previously reported values obtained from
the same catalytic reaction using different Au-based materials
(Table S11).>®*** This result clearly indicates that Au-Fe;0,
hybrid hollow spheres are superior nanocatalysts which can
enhance the catalytic efficiency and minimize the used
amounts of catalysts for the reaction. As practical catalysts,
reusability, recoverability, and high catalytic activity in each
cycle are necessary. The Au-Fe;O, hybrid hollow spheres can
be easily recycled by an external magnet after the catalytic
reduction. Fig. 8 shows the magnetically recyclable reduction
of 4-NP in the presence of Au-Fe;0,-0.2 nanocatalysts. The
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Fig. 8 Catalytically recyclable reduction of 4-NP by the Au-FeszO4-
0.2 hybrid hollow spheres in the presence of NaBH,.
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catalysts can be successfully recycled and reused for at least six
successive cycles of reaction with a stable conversion efficiency
of around 100%. Through the above analysis, it is concluded
that the Au-Fe;O, hybrids have excellent catalytic activity for
the reduction of 4-NP, which may be attributed to the synergis-
tic effect between Au and Fe;0, nanoparticles. As for the one-
pot solvothermal process, the epitaxial growth of Fe;O, on Au
ensures efficient partial electron transfer between Au and
Fe;0, nanoparticles. The Fe;O, nanoparticles may serve as an
electron storage container, which increases electron avail-
ability for the reduction of 4-NP. So the catalytic activity of the
Au-Fe;0, hybrid hollow spheres is significantly enhanced.*®
Thus, the as-synthesized Au-Fe;O, hybrid hollow spheres
show promise for potential application as recyclable catalysts
in waste water treatment.

4. Conclusions

In summary, we have demonstrated a facile one-pot hydrother-
mal method for the controlled synthesis of porous Au-Fe;0,
hybrid hollow spheres. The amount of Au nanoparticles
located in the hybrid hollow spheres can be tuned by changing
the molar ratio of Au/Fe precursors. The key structural feature
of the as-prepared Au-Fe;O, hybrid hollow spheres is that a
strong metal-oxide interaction exists at the interface due to
the epitaxial growth of Fe;O, on Au. The SERS study shows
that all the four obtained Au-Fe;O, hybrid hollow spheres
have superior SERS sensitivity for R6G detection, and the
sample of Au-Fe;0,-0.2 exhibits the strongest enhancement.
The detection limit of the Au-Fe;0,4-0.2 hybrid hollow spheres
for R6G can reach up to 107*° M, which can meet the required
concentration level for ultratrace detection of analytes using
SERS. In addition, those hybrids can also be used as ideal
recyclable catalysts for liquid-phase reactions. The catalytic
experiments of the sample of Au-Fe;0,-0.2 demonstrate that
the model of 4-NP molecules can be degraded within 3 min
and the catalytic activity can be recovered without sharp
activity loss in six runs, which indicates their superior catalytic
degradation activity. The reason for this may be due to the

This journal is © The Royal Society of Chemistry 2014
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highly efficient partial charge transfer between Au and Fe;0,
at the nanoscale interface. Thus it can be anticipated that the
bifunctional Au-Fe;0, hybrid hollow spheres may have great
potential in trace detection and industrial waste water treat-
ment. Finally, due to its simplicity and reproducibility, the
strategy mentioned here for the production of bifunctional
hybrid materials can be readily scaled up.
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