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Abstract

In this paper magnetic nanocomposite catalysts, with single gold catalytic layer (Fe;0,@SiO,-Au and
Fe;0,@Si0,-Au@mSiO,), double gold catalytic layers (Fe;O4@SiO,-Au@mSiO;-Au), and with one
gold layer and one silver layer (Fe;0,@SiO,-Au@mSiO,-Ag), were prepared through simple steps.
Different techniques were used for characterization of the as prepared nanocomposite catalysts, such as
transmission electron microscopy (TEM), X-ray diffraction (XRD), vibrating sample magnetometer
(VSM), energy-dispersive X-ray spectroscopy (EDX) etc. Catalysts were used for the catalytic reduction
of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of NaHB,. All nanocomposite catalysts
showed very good catalytic activity; however the nanocomposites with double catalytic layers
(Fe;0,@Si10,-Au@mSiO,-Au and Fe;04@Si10,-Au@mSiO,-Ag) showed excellent catalytic activity for
the reduction reaction of 4-nitrophenol. Due to the magnetic core, nanocomposite catalysts showed
magnetic properties and can be easily separated and recycled for many times without any loss in activity.
In case of nanocomposite catalysts with Au nanoparticles protected by silica (Fe;0,@Si0,-Au@mSiO,)

indicated better recyclability as compared to other nanocomposites.
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1. Introduction

The development of catalysts with efficient stability and catalytic activity for potential applications
in the field of catalysis has been an important aim of chemists and materials scientists due to economic
reasons on one hand and environmental reasons on the other hand. For this purpose recently significant
research has been carried out on transition metal nanoparticles, especially the noble metals, to improve
their catalytic activity by controlling the size, shape, structure, and composition. Noble metals such as Au
and Ag nanoparticles, due to their unique properties, have been utilized in the field of catalysis. To
achieve better catalytic activity and recyclability these nanoparticles have been deposited on the surface
of various supports like polymers,' carbon nanotubes,”* graphene oxide,”® hydrogels,”® zeolites,”'’ and
metal oxides.'"™"® However, separation of these materials using traditional separation methods of filtration
and centrifugation is difficult and time consuming. These methods are also not suitable for the separation
of particles having sizes less than 100 nm,'* thus hindering their recovery and recyclability."

Iron oxide nanoparticles, due to the magnetic property, are therefore widely used as catalyst supports
instead of conventional materials. These catalysts with magnetic property can be easily separated using an
external magnet and are recycled.'®'” The direct attachment of noble metals on iron oxide nanoparticles is
difficult because of the different nature of the two materials. Some organic polymers, such as polyanniline,
polypyrrole and poly (allylamine hydrochloride), have been used to attach Au nanoparticles on to iron
oxide nanoparticles."" However, silica due to its large surface area, high and thermal stability,
biocompatibility and good surface chemistry, has been widely used for the attachment of Au and Ag
nanoparticles on the surface of Fe;O, nanoparticles.”'* Silica not only prevents the aggregation of
nanoparticles which is very important for nanocomposite catalysts in their better activity, but also
provides silanol groups for further modification. However due to —Si-OH groups on the surface of silica,
it is negatively charged which is not suitable for the adsorption of Au nanoparticles. It is functionalized
with some groups, such as amine groups, which can readily adsorb Au nanoparticles.

Nitrophenols and their derivatives are organic pollutants which result from production of synthetic

dyes, pesticides, insecticides and herbicides.”> These compounds occur in industrial and agricultural waste
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waters and cause significant pollution. While 4-NP is a reducing agent and has many applications in
photography, dyes, medicines, corrosion inhibition efc.** Thus the reduction of nitrophenols to
aminophenols is of utmost importance due to many applications of aminophenols in various industries on
one hand and controlling the pollution caused by nitrophenols on the other hand. Noble metals such as Au,
Ag, Pt, Pd efc. have been used as catalysts for the reduction reaction of nitrophenols to aminophenols.””'

Different approaches were employed not only to stabilize the catalysts for using under harsh reaction
conditions but also reusing for many cycles without reduction in their catalytic activity which are very
important for catalysts. Recently a core-shell strategy was employed to make gold nanocomposite catalyst
stable. It was found that the uniform shell of gold on silica coated iron oxide nanoparticles not only made
its catalytic activity better but also its stability and recyclability.’> Stabilization of gold catalysts was
achieved using yolk/shell structure also known as nanorattles by Lee ef al. In this case Au nanoparticles
were used as cores and silica as shell.* Similarly; Ge et al. used core-satellite structure, using silica shell
to protect the catalyst. Silica was etched using NaOH solution to produce pores in it.** Nanocomposite
catalysts with magnetic iron oxide as core and mesoporous silica shell with gold nanoparticles inside
silica have also been reported. Mesoporous silica was achieved using organic templates to produce
mesopores which allowed reactants to pass through and react on the surface of Au nanoparticles.”’”

But the reported methods either involve complex procedures or while improving the stability of the
catalysts the activity is affected. It, therefore, still remains a challenge not only to improve the stability of
the catalyst but also its catalytic activity as well as recyclability. Here we report simple steps to prepare
magnetic nanocomposite catalysts with single and double catalytic layers. The nanocomposites catalysts
have good catalytic activity and recyclability.

2. Experimental
2.1. Materials

Ferric chloride hexahydrate (FeCl;-6H,0) and Sodium borohydride (NaBH,) were obtained from
Kermal, Tianjin Chemical Reagent Co., Ltd. Tetraethyl orthosilicate (TEOS) was purchased from Sigma-
Aldrich. Tetrachloroauric acid tetrahydrate (HAuCl, 4H,O) was obtained from Chengdou Chemical
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Reagent Co., Ltd. Trisodium citrate dihydrate (CsHsNa;O,-2H,0O) was provided by Xilong Chemical
Company, China. 3-Aminopropyl-triethoxysilane (APTES) was purchased from Aladin, Shanghai
(China). Sodium acetate anhydrous (CH3;COONa), Cetyltrimethylammonium bromide (CTAB), Silver
nitrate (AgNQs), and 4-Nitrophenol (4-NP) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All other chemicals were of analytical grade and used as received. Deionized water
was used throughout the experiment.
2.2. Methods
2.2.1. Synthesis of magnetic Fe;O4nanoparticles

Solvothermal method was used to prepare Fe;O4 nanoparticles by mixing 2.02 g of FeCl;-6H,0 and
4.10 g of sodium acetate in 50 mL of ethylene glycol and stirring for 30 min. Yellow mixture obtained
was then heated in a Teflon-lined stainless-steel autoclave at a temperature of 200 °C for 10 h. After
cooling the autoclave naturally to room temperature the black nanoparticles were separated and washed
with distilled water and ethanol for three times each, then dried in vacuum at 60 °C.
2.2.2. Synthesis of Fe;O0,@Si0, and APTES-modified Fe;0,@SiO, nanocomposites

A thin shell of silica was coated on the surface of iron oxide nanoparticles using sol-gel method by
dispersing 0.10 g of Fe;O4 nanoparticles in a mixture of ethanol (80 mL) and water (20 mL) through
ultrasonication for few minutes. To this mixture ammonia solution (3.0 mL, 28 wt %) was added followed
by the addition of 80 uL TEOS very slowly and was kept stirring at room temperature for 10 h. The above
particles (0.13 g) were refluxed for 10 h with APTES (1.50 mL) in toluene for functionalization with
amine groups.
2.2.3. Synthesis of Au nanoparticles

Citrate-stabilized Au nanoparticles were prepared as reported before.*® Briefly, 100 mL of HAuCl,
(5.0x 10 M) aqueous solution was heated while stirring and 5 mL (1 wt %) trisodium citrate was added
when it started boiling. The color of solution changed from pale yellow to violet and then to deep red

indicating the formation of Au nanoparticles. The mixture was stirred for further 30 min and then cooled
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to room temperature under stirring. The red wine color Au nanoparticles have absorbance maximum at
520 nm with size of about 15 nm.
2.2.4. Preparation of Fe;O,@SiO,-Au and Fe;04@SiO,-Au@mSiO,-Au

In order to prepare Fe;0,@Si0O,-Au nanocomposites, a dispersion (50 mL) of amine-functionalized
Fe;0,@Si0; (0.04 g) was mixed with 100 mL of Au nanoparticles through ultrasonication and stirred for
4 h at ambient temperature. To prepare Fe;0,@SiO,-Au@mSiO,-Au, with double catalytic layers,
another layer of mesoporous silica was coated on the surface of Fe;04@SiO,-Au by dispersing these
nanocomposites (0.05 g) in ethanol (60 mL) and water (80 mL) mixture with 0.30 g of CTAB and 2 mL
of ammonia solution. The mixture was mechanically stirred at 30 °C for 30 min then TEOS (0.8mL) in
ethanol was added dropwise and continued stirring for 8 h. CTAB was removed by refluxing these
nanocomposites in acetone for 48 h for three times.”” The prepared nanocomposites were then reacted
with APTES in isopropanol at 80 °C for 2 h. These nanocomposites with amine groups on the surface
were reacted with Au nanoparticles to prepare nanocomposites with double Au nanoparticle layers,
Fe;0,@Si0,-Au@mSiO,-Au, as before. Similarly, Fe;0,@Si0,-Au@mSiO,-Ag, nanocomposites with
silver nanoparticles as co-catalysts were prepared by reacting Fe;O4@SiO,-Au@mSiO, (0.025g) with 100
mL of silvering mixture containing AgNO; (4 mM) in ethanol and n-butylamine (4 mM) in equal ratio at
50 °C for 2 h in a polypropylene flask. At each step of preparation the nanocomposites were washed with
water and ethanol and then dried in vacuum at 60 °C.

2.2.5. Catalytic reduction of 4-Nitrophenol (4-NP)

The reduction reaction of 4-NP with NaBH,4 was used as a model reaction to investigate the catalytic
behavior of the prepared nanocomposites. Typically equal amount of 4-NP (0.2 mM) and freshly prepared
NaBH, (80 mM) were mixed and then a very small amount of the prepared nanocomposites (3.33 x107
gmL™) added to this mixture. The progress of reduction reaction was monitored by measuring the
absorption spectra at certain interval of time. The reactions and their absorption measurements were done
at room temperature for all nanocomposites.

2.2.6. Characterization
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The morphology of the nanoparticles and nanocomposites was determined by FEI Tecnai G2 TF20
transmission electron microscope (TEM) with field emission gun operated at 200 kV and Hitachi S-4800
scanning electron microscope (SEM) (Japan). Magnetic properties of the samples were measured at room
temperature using vibrating sample magnetometer (VSM, Lakeshore 730). X-ray diffraction (XRD)
analysis was carried on an X Pert pro Philips X-ray diffractometer with Cu Ka radiation (A = 1.5406 A)
and scan range (20) was from 10°to 90°. FT-IR measurements were carried out at room temperature on a
Nicolet Nexus 670 FT-IR spectrometer (GMI Inc., MN, America). Zeta potential was carried out using a
Zetasizer Nano ZS/ZEN 8600 (Malvern instruments). X-ray photoelectron spectra (XPS) were done on
Thermo Scientific ESCALAB 250xi with a monochromatic Al Ka X-ray source operated at 200 W. The
Brunauer-Emmett-Teller (BET) surface area and pore size distribution were measured with Autosorb-iQ
analyzer (Quantachrome Instruments, U.S.) at 77 K. Sample was treated under nitrogen at 453 K for 5 h
before measurements. Pore size distributions were calculated by the Barrett-Joyner-Halenda (BJH)
method. The gold and silver content of the samples was determined using the inductively coupled plasma
(ICP) on a Varian AA240 analyzer. A double beam spectrometer, UV-2600, Shimadzu (Japan) was used
to measure the absorption spectra.

3. Results and discussion
3.1. Characterization of the nanocomposites

Different techniques were employed to characterize nanoparticles and nanocomposites. The
morphology of iron oxide nanoparticles prepared through solvothermal method is shown in Fig. 1. From
TEM and SEM results the particles can be seen as spherical in shape having a wide range of size (200-
400 nm). The outer rough surface indicates that these particles are formed of many nanocrystals. TEOS, a
silica precursor, was used to coat the surface of iron oxide nanoparticles with a thin shell (~30 nm) of
silica through sol-gel process. By reacting with APTES the surface of silica coated iron oxide
nanoparticles became functionalized with amine groups. Amine functional groups on the surface of silica
coated iron oxide nanoparticles are important for the attachment of negatively charged gold nanoparticles.
FT-IR spectra of iron oxide nanoparticles, nanoparticles after silica coating, and amine functionalized
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silica coated iron oxide nanoparticles are shown in Fig. S1 (Supplementary Information). The peaks
appearing at 582 and 3421 cm' in the spectra of Fe;04 nanoparticles are due to the Fe-O, and hydroxyl
groups respectively. The new absorption peaks after silica coating were Si-O-Si (1076 cm '), Si-O (443
cm '), and the surface silanol groups Si-OH (955 cm ') (Fig. S1b). After reaction with APTES the bands
arising from Si-O groups are at 1154 and 1080 cm ' which can be clearly seen. The bands appearing at
2850 cm™ and 2925 cm™ are assigned to C-H stretching vibration of the methylene group. The broad band
appearing at 3431 cm ™' is due to the N-H stretching vibration, while the other at 1631cm ' is due to the N-
H bending mode of amino group (Fig. S1c¢). XPS, an important technique to give information about the
surface elements, was also carried out for silica coated nanoparticles after reaction with APTES to
complement the results of FT-IR (Fig. 2). An obvious and clear peak at 399.4 eV appeared which is due
to N 1s (Inset of Fig.) also confirmed the successful reaction of APTES with silica surface resulting in
attachment of amine groups, while other peaks such as C 1s, O 1s, Fe 2p and Si 2p were also shown. In
order to further confirm the attachment of amine groups and surface charge of amine functionalized silica
coated iron oxide nanoparticles, zeta potential analysis was carried out. Zeta potential measurement was
important because amine groups were introduced on silica surface, while silica is negatively charged due
to silanol groups and does not favor the adsorption of citrate stabilized negatively charged Au
nanoparticles. The gold nanoparticles are mainly attached to alkylamines through electrostatic attraction.™
From the results of zeta potential, measured at different pH, we can see that amine functionalized
nanoparticles have high positive potential value (+21 mV) even at pH of 8 (Fig. S2). It therefore not only
confirmed that amine groups are present on the surface of silica coated iron oxide nanoparticles but also
showed that these particles are highly positively charged and the interaction between gold nanoparticles
and the former is mainly electrostatic. Thus the prepared nanoparticles provide a suitable surface for the
attachment of gold nanoparticles. Fig. 3 indicates the TEM images of nanocomposites with Au and Ag
nanoparticles. From Fig. 3a, it is clear that the surface of Fe;O4@Si0O, is almost completely covered with
a large number of Au nanoparticles which can also be seen from inset of the figure showing a single

particle. After coating another silica shell on these particles, Au nanoparticles can be seen inside a thick
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shell of silica (~100 nm) after CTAB extraction (Fig. 3b). CTAB was used as porogen which was
extracted by refluxing the nanocomposites with acetone, thus resulted in the formation of mesopores in
silica shell. CTAB extraction was confirmed from the results of FT-IR spectra as shown in Fig. S3, which
indicates that the bands at 2850 cm™ and 2920 cm™ were almost completely disappeared. It proved that
most of the CTAB was extracted from silica shell. Mesoporous structure is very important because the
mesopores allow reactants to pass and react on the surface of metal catalyst. The N, adsorption-desorption
isotherms and pore-size distribution of mesoporous nanocomposites are shown in Fig. S4 (Supplementary
Information). The BET surface area and pore volume measured are 138 m?*/g and 0.25 cm’/g respectively.
The type IV isotherm curve indicates that the nanocomposites with mesoporous silica shell possess a well
defined mesoporous structure having a narrow pore size distribution with a mean size of about 2 nm as
shown in the inset of figure. The nanocomposites with a second layer of Au nanoparticles or Ag on the
outer silica shell are shown in Fig. 3c and Fig. 3d, respectively. From these results it was proved that the
nanocomposites with single and double catalytic layers were successfully prepared, which is very clear
from Fig S5 (Supplementary Information). Also high resolution transmission electron microscopy
(HRTEM) images of these nanocomposites indicated that the size of Au nanoparticles is about 15 nm and
that of Ag nanoparticles is about 12 nm with clear lattice fringes (Fig. S6, Supplementary Information).
The wide angle XRD patterns of iron oxide nanoparticles and gold caoted iron oxide
nanocomposites are given in Fig. 4. The major peaks at 30.3°, 35.5°, 43.2°, 53.6°, 57.2°, and 62.7° were
observed which are due to the diffraction from (220), (311), (400), (422), (511), and (440) planes of the
face-centered cubic (fcc) lattice of Fe;O4 (JCPDS card no. 79-0418), respectively (Fig. 4a). These values
confirm that the prepared iron oxide nanoparticles are pure with good crystallinity. The peaks at 38.2°,

44.4°, 64.5°, and 77.7°, corresponding to (111), (200), (220), and (311) lattice planes respectively, of the

cubic-phase gold, indicating the attachment of gold nanoparticles to silica coated iron oxide nanoparticles.

All the three samples with gold nanoparticles show the characteristic peaks of Au (Fig. 4b-d). Similarly
XRD analysis revealed the characteristic peaks of Ag in Fe;0,@SiO,-Au@mSiO,-Ag which can be
clearly seen in Fig. S7 (Supplementary Information). It confirmed the attachment of silver nanoparticles
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on the surface of Fe;04@Si0,-Au@mSiO,, with inner Au nanoparticles layer. The formation of the
hybrid nanocomposites with both Au and Ag was further verified by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) imaging and elemental mapping as shown
in Fig. 5. Energy-dispersive X-ray spectroscopy (EDX) technique was also used to know about the
elements present in the nanocomposites (Fig. S8, Supplementary Information). The precursor elements in
nanocomposites such as Fe, Si, O, Au, and Ag can be seen from the spectra. The amount of Au and Ag in

the nanocomposites was measured through ICP and is given in the Table S1 (Supplementary Information).

3.2. Catalytic activity of the nanocomposites
The catalytic activity of nanocomposites was investigated for the catalytic reduction of 4-nitrophenol
(4-NP) in the presence of NaBH,, a basic reaction used to monitor the catalytic activity of metal

#3839 The kinetics of the reaction can be monitored by measuring the

nanoparticles as catalysts.
absorption spectra at specific interval of time using UV-vis spectroscopy. The light yellow solution of 4-
NP alone has a peak at 317 nm, however after the addition of NaBH, the mixture shows a red shifted peak
at 400 nm, which is the characteristic absorption peak of 4-nitrophenolate ions in alkaline solution as
shown in Fig. 6 .***' The absorbance of the mixture remained the same without any change indicating no
reduction occurred even for many hours without the addition of any nanocomposite. It confirmed that the
reaction does not proceed by NaHB,. Similarly no reduction reaction took place in the presence of iron
oxide nanoparticles or silica coated iron oxide nanoparticles. However after the addition of small quantity
of the nanocomposites catalysts with Au nanoparticles or Ag nanoparticles, the reduction reaction took
place and completed very quickly. UV-vis spectra of mixture in the presence of nanocomposites catalysts
are shown in Fig. 7, from which we can see that the absorption peak at 400 nm decreases and another
peak at 300 nm appears. This new peak is due to the formation of 4-aminophenol (4-AP) as a result of this
reaction. Due to the complete reduction reaction the mixture becomes colorless and the peak at 400 nm
completely disappears. An isosbestic point shown by the UV-vis spectra between the two absorption

bands indicates that only one product (4-AP) is produced during the reduction of 4-NP.** As from Fig. 7a,
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we can see that in the presence of Fe;0,@Si10,-Au the reaction goes to completion (~98 % conversion) in
16 minutes. Similarly, in case of Fe;O04@SiO,-Au@mSiO, the reaction is slow and took 30 minutes for
reduction of 4-NP. This is due to the silica shell which slows down the diffusion of reactants.”” However,
in case of Fe;0,@Si0,-Au@mSiO,-Au and Fe;0,@Si10,-Au@mSiO,-Ag, due to double catalytic layers,
the reaction goes to completion just within 7 and 4 minutes respectively. Since the concentration of
NaBH, is very high as compared to 4-NP (C(NaBH,)/C(4-NP) = 400:1), therefore its concentration
remains constant throughout the reaction. The rate of reaction thus follows pseudo first-order kinetics and
depends only on the concentration of 4-NP. The rate constant (k) for each nanopcomposite can be
measured from the slope of the straight line resulting from relationship between In (C/Cy) versus time,
Fig (8a-d). Where C, and C, are the concentration values of 4-NP at time t and 0 respectively, which are
obtained from the respective absorbance values at time t and 0, (A/A,). The straight lines proved that the
reaction follows first-order kinetics. The rate constants (k) of nanocomposites calculated from their
corresponding absorption spectra are 0.20, 0.10, 0.53 and 0.95 min™ for Fe;04@Si0,-Au, Fe;0,@Si0,-
Au@mSiO,, Fe;0,@Si0,-Au@mSiO,-Au, and Fe;0,@Si0,-Au@mSiO,-Ag respectively (Table S1,
Supplementary Information). It indicated that both nanocomposites with double noble metal layers are
better catalysts with higher rate constants as compared to others. Double catalytic layers are important
because if the surface Au or Ag nanoparticles are detached after using for many cycles we still have
another layer of Au nanoparticles which is protected by mesoporous silica and can be reused for further
catalysis. The Turnover frequency (TOF) for all nanocomposites was also measured and is given in Table
S1 (Supplementary Information). It can be seen that nanocomposites with both Au and Ag showed the
highest TOF (81.52 h™). The difference in catalytic activity of Fe;0,@SiO,-Au@mSiO,-Au and
Fe;0,@Si0,-Au@mSiO,-Ag might be due to the small difference in size of the noble metals, the latter
having smaller Ag nanoparticles than the former with Au nanoparticles as indicated in HRTEM (Fig. S6,
Supplementary Information). The catalytic activity increases with decrease in size of the metal particles.”

Therefore the double nanoparticle layers not only improved the catalytic activity but also recyclability.
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Catalytic activity of the nanocomposites having single and double gold nanoparticles layers in the
reduction reaction of 4-nitrophenol to 4-aminophenol is schematically shown in Fig. 9.
3.3. Magnetic property, reusability, and stability of the Nanocomposites

Magnetic property of the catalyst is of utmost importance in catalysis because it makes the separation
of catalysts very easy from the reaction mixture, which are then reused. Fig. 10 shows the room-
temperature saturation magnetization (M) values. From the curves it is clear that naked Fe;O4
nanoparticles have very high saturation magnetization (M) of 72 emug™. After coating with a thin shell
of silica the value decreased to 62 emu/g for Fe;0,@Si0,, however this value further decreased to 50
emug’ after the attachment of gold nanoparticles, Fe;0,@SiO,-Au (Fig. 10c). After coating with another
thick silica shell the M further decreased (38 emug™) for Fe;0,@SiO,-Au@mSiO,. The nanocomposites
with double catalytic gold layers (Fe;0,@SiO,-Au@mSiO,-Au) have the least value of 33 emug’.
However, it is still large enough for these nanocomposites to be easily separated with an external magnet
(inset of Fig. 10). This decreased value of M is due to the non magnetic double silica layers and double
Au nanoaparticle layers.

For reusing the nanocomposite catalysts, these catalysts were separated from the solution using
external magnet and washed with ethanol and water before using for another cycle. Since a very small
amount of nanocomposites was used, therefore to make the separation of nanocomposites easy their ratio
along with the reactants was increased five times. For each cycle freshly prepared NaBH, was used and
for each nanocomposite a specific time was fixed to measure UV-vis spectra for all cycles. From Fig. 11
it can be seen that all nanocomposites show good reusability and conversion efficiency for 4-nitrophenol
even using for many cycles. All nanocomposites showed a conversion of 98 % even reusing for 5 cycles,
which started to decrease for some nanocomposites. From figure it is clear that even after reusing for 12
cycles, nanocomposites still have significant catalytic activity. It was found that Fe;0,@Si10,-Au-mSiO,
showed 94 % conversion efficiency after using for 12 cycles which is more as compared to others such as

Fe;0,@Si0-Au (81 %), Fe;0,@SiO,-Au-mSiO-Au (85 %) or Fe;0,@Si0,-Au-mSiO-Ag (76 %). In
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case of Fe;0,@SiO,-Au-mSiO, nanocomposites, the gold nanoparticles catalysts are protected by
mesoporous silica that is the reason for showing good recyclability, although the rate constant (k) is lesser
than other nanocomposites. In case of other nanocomposites with surface metal catalysts, the decrease in
conversion efficiency is due to the detachment of surface Au or Ag nanoparticles as well as loss of
particles during washing and dispersing through ultrasonication, when reused for many cycles.***** 1t is
therefore suggested that nanocomposites with surface metal catalyst are better to be used where rate of
reaction is important; however stable nanocomposite with protected metal catalysts are considered where
recyclability is important. In order to know about the structure stability of the nanocomposites, TEM and
XRD of the nanocomposites were measured after using for 6 cycles. From TEM results we can see that in
case of Fe;0,@Si10,-Au some of the Au nanoparticles have detached from silica surface while also some
aggregates of the Au nanoparticles can be seen on the surface (Fig. 12a). This is also one of the reasons
for lowering the catalytic efficiency of nanocomposites. Similarly, in case of Fe;04,@Si0,-Au-mSiO,-Au
and Fe;0,@Si0,-Au-mSiO,-Ag, the results indicate that some of the outer noble metal nanoparticles
have detached while the inner Au nanoparticles layer inside mesoporous silica shell remains unaffected.
In case of Fe;0,@Si10,-Au-mSiO, the Au nanoparticles layer is protected by outer silica showing more
efficiency for catalysis even after using for many cycles which is in agreement with the results shown in
Fig. 11. The XRD results indicated the peaks of Fe;O, as well as Au and Ag nanoparticles even after
using these nanocomposites for many times as shown in Fig. S9 (Supplementary Information). Thus it can
be concluded from the results of TEM and XRD that these nanocomposites show good stability and can
be reused for many cycles.
4 Conclusions

In summary magnetic nanocomposite catalysts with double gold nanoparticle layers were prepared
through simple steps. First magnetic iron oxide nanoparticles were prepared which were then silica
coated and treated with APTES for gold nanoparticles attachment. Another mesoporous silica shell was
prepared on the surface of these nanocomposites which was accompanied by another layer of gold

nanoparticles or silver nanoparticles. All nanocomposite catalysts showed better catalytic activity for
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reduction of 4-NP, however nanocomposite catalyst with double gold layers (Fe;0,@Si0,-Au@mSiO,-
Au) showed catalytic activity having rate constant more than Fe;0,@SiO,-Au and Fe;0,@SiO,-
Au@mSiO, having single layers. Similarly, nanocomposite catalyst with inner Au nanoparticles and outer
Ag nanoparticles as co-catalysts (Fe;0,@SiO,-Au@mSiO,-Au) showed the best catalytic activity.
Magnetic Fe;O4 nanoparticles endow nanocomposites with magnetic property and therefore can be re-
used for many cycles after separation from mixture with a magnet without reduction in catalytic activity.
Fe;0,@Si0,-Au@mSiO, is considered for good recyclability due to protected Au nanoparticles, although
its catalytic activity is poor as compared to other nanocomposites. This study will find significant
applications in the field of catalysis.
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Figure Captions

Fig. 1 TEM (a) and SEM (b) images of iron oxide nanoparticles.

Fig. 2 XPS spectrum of Fe;04@Si10,-NH,.

Fig. 3 TEM images of (a) Fe;0,@Si0,-Au, (b) Fe;0,@Si0,-Au@mSiO,, (¢) Fe;0,@Si10,-Au@mSiO,-
Au, and (d) Fe;0,@Si0,-Au@mSiO,-Ag.

Fig. 4 The wide angle XRD patterns of (a) Fe;0y, (b) Fe;04@Si0,-Au, (c) Fe;0,@Si0,-Au@mSiO,, and
(d) Fe;0,@Si10,-Au@mSiO,-Au.

Fig. 5 HAADF-STEM image of (a) Fe;0,@Si0,-Au@mSiO,-Ag nanocomposite and elemental maps of
(b) Fe, (c) Si, (d) O, (e) Au and (f) Ag on the same nanocomposite.

Fig. 6 UV-vis absorption spectra of 4-nitrophenol (4-NP) taken (a) before and (b) after the addition of
NaBH,.

Fig. 7 UV-vis absorption spectra of the reduction of 4-NP by NaBHj, in the presence of (a) Fe;0,@SiO,-
Au, (b) Fe;0,@Si10,-Au@mSiO,, (¢) Fe;0,@Si0,-Au@mSiO,-Au, and (d) Fe;04@SiO,-Au@mSiO,-
Ag.

Fig. 8 Plot of In(C/Cy) versus time for all nanocomposites, (a) Fe;0,@Si0,-Au, (b) Fe;04@SiO,-
Au@mSiO,, (¢) Fe;0,4@Si0,-Au@mSiO,-Au, and (d) Fe;0,@Si0,-Au@mSiO,-Ag.

Fig. 9 Schematic representation of the reduction of 4-nitrophenol to 4-aminophenol on nanocomposites
with single and double Au nanoparticle layers.

Fig. 10 Room temperature magnetic hysteresis curves of (a) Fe;0,, (b) Fe;04@Si0,, (¢) Fe;04@Si0,-Au,
(d) Fe;0,@S10,-Au@mSiO,, and (e) Fe;0,@Si0,-Au@mSiO,-Au. Inset shows magnetic separation of
Fe;0,@Si10,-Au@mSiO,-Au.

Fig. 11 Reusability of (a) Fe;04@SiO,-Au, (b) Fe;04@SiO,-Au@mSiO,, (¢) Fe;04@Si0,-Au@mSiO,-
Au, and (d) Fe;0,@Si10,-Au@mSi0,-Ag as catalysts for the reduction of 4-NP with NaBH,.

Fig. 12 TEM images of (a) Fe;0,@SiO,-Au, (b) Fe;04@Si0,-Au@mSiO,, (¢) Fe;04@Si0,-Au@mSiO,-

Au, and (d) Fe;0,@Si0,-Au@mSi0,-Ag after reusing for 6 cycles.
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Nanocomposite catalysts, with single and double gold layers, and with one gold layer and one silver layer

were prepared through simple steps, and showed excellent activity in reduction of nitrophenols.




