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One-pot method has been applied to the synthesis of new Janus

structure nanorods, in which Au nanoparticles are located at one end

of mesoporous silica rods. Janus nanorods are synthesized directly by

the chloroauric acid solution, without prior preparation of gold or

silica nanoparticles. This method is easy and cost-effective for high

yield preparation of Janus nanoparticles catalyst. Meanwhile, new

Janus nanoparticles have high catalytic activity. Therefore, these new

nanoparticles will have broad prospects in catalysis, drug delivery, self-

propelled nanodevices, etc.
Nanoparticles with asymmetric structure or Janus nanoparticles
have wide potential applications in the elds of drug delivery,1

imaging nanoprobes2 and self-motile colloidal materials3 due to
their unique structure. This asymmetric structure or “Janus”
nanoparticles are usually a combination of two different mate-
rials, which simultaneously maintain their own performance
between components, which implies that these parts could be
modied by different functional groups for further applica-
tions.4 Therefore, the synthesis and application of asymmetric
nanoparticles have been considerably developed in recent years.

Various methods are used to synthesize asymmetric particles
such as chemical modication,5 polymerization-induced phase
separation method,6 controlled assembly of materials in micro-
uidics,7 metal printing aer carrier assembly,8 etc.9 The
methods described above can be summarized into two ideas;
one is attaching or growing particles on the pre-synthesized
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nanoparticles with a special modication.10 The other is con-
necting two different particles by a functional group.11 These
methods are usually complex and expensive, and thus the large-
scale asymmetric structure synthesis by a cheap and easy route
is still a challenge.

Gold nanoparticles have been widely investigated because of
their excellent catalytic performance in recent years.12 Meso-
porous silica was oen used to solve the aggregation of gold
nanoparticles.13 Another reason is that the abundant silanol
groups on silica surfaces made them easier to organic func-
tional, and graing through different modication methods.14

However, multiple-step reactions increase the difficulty and cost
for the preparation of gold nanoparticles andmesoporous silica
nanocomposites. Thus, it is necessary to develop a simple route
to obtain solid catalyst carrier similar to mesoporous silica
loaded with uniform gold nanoparticles.

In this report, we prepared asymmetric structure nano-
particles with a gold nanoparticle head and mesoporous silica
rod body by a simple one-pot method. By studying the forma-
tion of asymmetric Janus nanorods, it was disclosed that the
spherical micelles of CTAB wrapped chloroauric acid (HAuCl4)
formed in the solution rst, and then silica rod grew from the
micelles. This unique one-dimensional growth results to the
formation of an asymmetric structure. The HAuCl4 transferred
into gold nanoparticles and mesoporous silica formed (denoted
as Janus Au–mSiO2) by calcination at 500 �C. The prepared
Janus Au–mSiO2 nanoparticles showed good catalytic properties
for the reduction of 4-nitrophenol (4-NP) because of their small
size and good dispersibility of the Au nanoparticles. This simple
one-pot method for the syntheses and applications of new
asymmetric structure nanoparticles (e.g. Janus Au–mSiO2)
expand in a new direction.

As illustrated in Fig. 1, 50 mg cetyltrimethyl-ammonium
bromide (CTAB) was dissolved in water (10 ml) under sonica-
tion for 50 min to form rod-like micelles.15 Aer that, different
amounts of HAuCl4 (0.01 M) were quickly added and 0.5 ml
ammonia (NH3$H2O) was subsequently added under vigorous
stirring, it was noted that the temperature of the mixture was
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic diagram of Janus Au–mSiO2 nanoparticles growth.
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maintained at 40 �C, and then 30 mL tetraethoxysilane (TEOS) was
slowly added into the solution under gentle stirring. The mixture
solution was allowed to react 30 min, the as-prepared nano-
particles were washed with ethanol 5 times via centrifugation
(6000 rpm) and dried at 60 �C. Finally, the Janus Au–mSiO2

nanoparticles were obtained by calcining at 500 �C for 1 h.
Transmission electron microscopy (TEM) images of Janus

Au–mSiO2 nanoparticles are shown in Fig. 2A and B. Aer
calcination at 500 �C, HAuCl4 thermally decomposed and
formed gold nanoparticles at one end of the silica rods. Most of
the silica rod heads contained several Au nanoparticles, which
were well dispersed with a size distribution in the range of 2–10
nm. Scanning electron microscopy (SEM) images, as shown in
Fig. 2C and D, further conrmed this Janus structure. The Au
nanoparticles could be observed in the SEM images, indicating
the Au nanoparticles located on the surface of silica rods or Au
nanoparticles covered by an ultra-thin layer of silica; however,
Au nanoparticles were hardly observed by SEM if they were
embedded in the silica rods. This unique structure was advan-
tageous for further modication of different components and
will benet the Au nanoparticles that are directly in contact with
the reactant during the catalytic reaction.23
Fig. 2 TEM images (A and B) and SEM images (C and D) of Janus
Au–mSiO2 nanoparticles.

This journal is © The Royal Society of Chemistry 2014
To understand the formation of one-pot synthesis of asym-
metric Janus Au–mSiO2 nanoparticles, samples were obtained
at different reaction time for TEM. In this work, the growth of
silica nanorods used the MCM-41 synthesis method, with CTAB
working as the pore-forming agent. As shown in Fig. 3A, aer
sequentially adding HAuCl4 and NH3$H2O into the CTAB solu-
tion, spherical micelles containing HAuCl4 were formed in the
solution. High energy electron beam in the TEM instrument
may directly reduce AuCl4

� into Au nanoparticles. This was the
reason for the aggregation of gold nanoparticles within small
circles in Fig. 3A. Aer adding TEOS, the spherical micelles were
not destroyed, and silica aggregates anchored to the surface of
the micelles, as shown Fig. 3B. As the reaction proceeded, the
silica grew into a quasi-sphere along the surface of micro-
emulsion bounded CTAB micelles (Fig. 3C). Then, the meso-
silica nanorods developed due to the presence of CTAB in the
solution, as shown in Fig. 3D and S1A,†which was similar to our
previous report.15

The Janus Au–mSiO2 can be well-redispersed into water. The
optical properties of the Janus Au–mSiO2 nanoparticles in
aqueous solutions were performed by UV-vis spectroscopy, as
shown in Fig. S2.† The image in the lower le corner is the
asymmetric Janus Au–mSiO2 nanoparticles before annealing; the
particle colour was yellow and noUV absorption peaks of the gold
nanoparticles around 520 nm was observed, indicating that the
HAuCl4 was not reduced. Aer thermal treatment, the nano-
particles powder showed a reddish brown color, as shown in the
inset image in the right corner. An adsorption peak appeared at
527 nm in the UV-vis spectrum, indicating the formation of gold
nanoparticles. This conrmed that AuCl4

� could be reduced to
form gold nanoparticles by high temperature treatment.16 With
the addition of different amounts of HAuCl4 the adsorption peak
shied from 527 nm to 540 nm, which indicated that the size of
gold nanoparticles became larger or aggregated.17 The possible
reason was that with an increase in added amounts of HAuCl4,
gold ion density of per unit volume increased resulting in the
change of nanoparticles aer annealing.
Fig. 3 Time-resolved TEM images of the growth process of Janus
Au–mSiO2 nanoparticles.

RSC Adv., 2014, 4, 43586–43589 | 43587
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Fig. 4 Successive UV-vis absorption spectra of the reduction of 4-
nitrophenol by NaBH4 in the presence of Janus Au–mSiO2 (A) and (B)
the relationship between 4-nitrophenol concentration (a.u.) with
reaction time (s) (C) the reusability of Au–mSiO2 as a catalyst for the
reduction of 4-nitrophenol.
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Aer high temperature treatment, the silica rods possessed
mesoporous structure in Janus Au–mSiO2 due to existing CTAB,
which was potentially useful and important for drug or dye
delivery.18 High resolution TEM images (Fig. S1B†) discloses the
nanostripe structure. Furthermore, the characterization of the
mesoporous structure was evaluated by N2 adsorption/
desorption isotherms and X-ray diffraction (XRD) measure-
ments. N2 adsorption/desorption isotherms of SiO2 was carried
out at 77 K. Fig. S3(a)† exhibited type IV BET isotherms for SiO2,
which is a signature feature of mesoporous materials.19 The BET
surface area and the BJH adsorption cumulative volume of
pores of the mesoporous silica particles were as high as 1090.3
m2 g�1 and 0.73 cm3 g�1, which were advantageous for drug
delivery applications and complete use of the catalyst in
chemical reactions. When subjected to XRD patterns analysis,
we used Janus Au–mSiO2 nanoparticles obtained by adding 1ml
HAuCl4. As shown in Fig. S3(b),† the small-angle XRD patterns
of mesoporous SiO2 and Janus Au–mSiO2 exhibited similar
diffraction pattern at 0.8�, which conrmed that Janus
Au–mSiO2 has a similar structure as mesoporous SiO2. In
addition, gold nanoparticles formed by HAuCl4 did not destroy
the characteristic structure of mesoporous silica. Fig. S3(c)†
showed the wide-angle XRD patterns of mesoporous SiO2 and
Janus Au–mSiO2, the peaks at 38�, 44�and 64� corresponding to
the (111), (200), (220) crystal faces of Au nanoparticles.20 No
diffraction peaks from any other impurities were detected. The
average particle size calculated from the Au (111) peak accord-
ing to the Scherrer's formula was 7.3 nm,21 which was in good
agreement with the TEM results.

As we know, Au nanoparticles were good catalysts for the
catalytic reduction reaction. Here, we selected this reaction as a
model system to evaluate the catalytic effect of gold nano-
particles in Janus Au–mSiO2. 4-Nitrophenol (4-NP) are oen
used in pesticides, herbicides, water pollution and its control is
also a signicant public concern.22 Nevertheless, 4-amino-
phenol (4-AP) produced by sodium borohydride (NaBH4)
reduction of 4-NP has broad industrial applications in photo-
graphic development, corrosion inhibition, as lubricants and
others. In addition, the reaction could be easily monitored by
UV-visible absorption spectroscopy. First, 2 mg of Janus
Au–mSiO2 nanoparticles were added to 0.8 ml 4-NP (0.03 mg
ml�1) solution at room temperature, and then 0.2 ml of NaBH4

(0.1 M) solution was added; with UV spectra detecting the
change, as shown in Fig. 4A, 4-NP characteristic peak at 400 nm
decreased with the increasing time, indicating that the amount
of 4-NP decreased. On the contrary, the peak at 225 nm
increased with the proceeding reaction. Meanwhile, the color of
the reaction solution gradually faded and nally turned fully
transparent. As shown in Fig. 4B, the three reactions nished
within 180 seconds, 215 seconds and 270 seconds, respectively.
Time possibly increased because of the loss of the catalyst in the
recycling. When the mesoporous SiO2 nanorods (15 mg ml�1)
without loaded Au nanoparticles was added into the reaction, it
took about 24 h before the reaction solution became fully clear
from yellow. These results indicate that the Janus Au–mSiO2 has
good catalytic properties for catalytic reduction. When only
0.2 ml HAuCl4 is added, the catalytic reaction speed was 100
43588 | RSC Adv., 2014, 4, 43586–43589
seconds for the rst time, but when used again, the catalytic
effect decreased signicantly. The reason is that the gold
nanoparticles obtained by the reduction of gold ions easily
reunite and lose catalytic activity. Moreover, rod-shaped nano-
structure even aer accumulation between nanoparticles can
maintain adequate pores, as shown in Fig. 2D, which will
facilitate that the reactants and catalyst remain fully in contact
and improve the utilization rate of the catalysts. The Janus
Au–mSiO2 can be easily collected by simple centrifugation that
was very helpful for the recycling of catalyst. The completion of
the catalytic reaction in 4 cycles, as shown in Fig. 4C, in four
cycles, respectively, the completion of the reaction reached
99%, 96%, 95% and 95%, the completion of the catalyst in 4
cycles are more than 95%. Thus, the Janus Au–SiO2 nano-
particles had a high catalytic activity for the dispersion of gold
particles. This provided the possibility for the controllable
catalytic location by the nanoparticles with an asymmetric
structure assembling.
Conclusions

A simple one-pot method had been used to synthesize new
asymmetric structure nanoparticles with both gold nano-
particles and mesoporous silica rods. Janus Au–mSiO2 nano-
rods were synthesized directly using the chloroauric acid
solution, without the prior preparation of gold or silica nano-
particles. The silica rods of Janus Au–mSiO2 had a uniform
scale, gold nanoparticle in the size range of 2–10 nm concen-
trated at one end of silica rods, and had a good dispersion that
This journal is © The Royal Society of Chemistry 2014
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gave it good catalytic activity. This method of using chloroauric
acid solution and TEOS for a direct assembly of Janus Au–mSiO2

in aqueous solution was simple, efficient and provided a new
direction for exploring the synthesis and applications of new
asymmetric nanoparticles.
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