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Bimetallic nanostructures show exciting potential as materials for effective catalysis. Magnetically recoverable bimetallic

nanoparticles are promising catalysts for chemical reactions. Here, Fe;s0,@Pd and Fe;0,@Au-Pd hybrid nanoparticles were
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synthesized and used as catalysts. The morphology, composition, and structure of Fe;0,@Pd and Fe;0,@Au-Pd hybrid

nanoparticles were fully characterized by scanning and transmission electron microscopy, energy dispersive spectroscopy,

high angle annular dark-field scanning TEM, X-ray powder diffraction, X-ray photoelectron spectroscopy techniques, etc.

The Fe;0,@Pd and Fe;0,@Au-Pd nanoparticles have shown excellent catalytic activity towards the reduction of

nitrophenols and potassium hexacyanoferrate (ll1). In addition, the magnetic bimetallic heterogeneous nanoparticles can

be easily recycled show good reusability as a conversion higher than 99% was achieved after 6 cycles.

Introduction

Bimetallic nanoparticles consist of two metals and often display
enhanced than their

counterparts because of a synergistic effect. Heterogeneous

catalytic performance monometallic
bimetallic nanoparticles (NPs) consisting of two distinct metals,
such as Au—Pt, Au—Cu, Au—Ag and Au-Pd, NPs,”” have attracted
considerable attention due to their unique optical, electrical, and
catalytic properties compared to the monometallic counterparts.®’
Bimetallic nanoparticle systems, in particular, draw higher attention
due to their technological and scientific features for improving
catalytic properties.’ As is well known, for conventional
heterogeneous catalysis, bimetallic catalysts often show tunable
and synergistic effects compared to their monometallic
counterparts. Moreover, it has been shown that the incorporation of
a second metal can also effectively improve the photocatalytic
performance of Au-based plasmonic photocatalysts. Recently,
various bimetallic nanostructures consisting of noble metals such as
Au, Ag, Pd, and Pt have been reported by controlling their

-13
1l co-workers

composition and morphology. Mariscal and
reported the synthesis of Au@Pd core shell nanoalloys and the
growth mechanism of Au(core)-Pd(shell) bimetallic NPs.'* Han et
al. demonstrated selective deposition of Au-Pd alloy at the ends of
Au nanorods for generation of Au-Pd alloy horns."” Most of the
bimetallic NPs were used as all kinds of catalysts. In 2011,
octapodal Au-Pd alloy NPs synthesized by one pot method and
used as an electrocatalyst.’ And hollow Au@Pd and Au@Pt core—

shell NPs reported by Khashab used as electrocatalyst for ethanol

Key Laboratory of Design and Synthesis of Functional Materials and Green

Catalysis, Colleges of Heilongjiang Province, College of Chemistry and Chemical

Engineering, Harbin Normal University, 150025, P. R. China E-mail:

fangchai@gmail.com, jiangjingjie80@163.com, qufengyu@hrbnu.edu.cn
Electronic Supplementary Information (ESI) available: [TEM, SEM and catalytic
data]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

oxidation.”® Lakshminarayanan et. al reported Au@Pd core-shell
NPs on a graphite rod and used as electrocatalyst in methanol
oxidation reaction.” Colmenares et al. reported the bimetallic Pd-
Au/TiO, as photocatalyst to selective oxidation of methanol to
methyl formate with highly active.'® Due to its good catalytic
properties, the alloy bimetallic NPs can be explored to use in
analysis, such as the Au@Pd core—shell nanostructures have been
applicated in the electrochemical analysis for thrombin,® and
Pt74A gy NPs decorated ultrathin MoS; nanosheets (MoS,-Pt74Agz6)
was used as novel peroxidase mimics for highly selective
colorimetric detection of H,O, and glucose, which has higher
affinity for H,O, with good reusability.! Although various
bimetallic NPs have been extensively studied for diverse catalysis
applications, due to this structural diversity makes it more difficult
to achieve controllable synthesis of bimetallic nanomaterials, there
remain several challenges to be overcome.

However, due to their high cost and scarcity of the noble metal,
there has been an increasing trend toward decrease the usage and
reuse of the noble metal nanoparticles. Otherwise, due to their
small sizes, large surface areas and without a suitable support, as
nanocatalysts, metal NPs could not recycle from reaction solution
because they are easily aggregate in solution. To improve the
efficiency and save resources, there has been an increasing trend
toward the use of magnetically retrievable NPs in efficient green
chemical synthesis. Magnetic NPs, such as Fe;Oy, are particularly
useful support materials for catalysts as they can combine the
advantages of high dispersion through a liquid with ease of
recovery. It can not only prevent the aggregation of bimetallic
nanoparticles, but also facilitate the recycle of nanocatalysts
through magnetic separation.'”'® The activity of bimetallic NPs can
be further enhanced by making porous hollow structures.'®
Continuous efforts have been made towards the development of
such materials in order to achieve the desired properties and
activities.
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Here, we synthesized magnetic bimetallic Fe;Os@Au-Pd
hybrid NPs by using the Fe;O4 hollow spheres as templates. It was
found that the as-prepared Fe;O4@Pd and Fe;Os@Au-Pd hybrid
NPs exhibit high activity as catalysts for the reduction of 4-
nitrophenol (4-NP) and potassium hexacyanoferrate (III)
(K3Fe(CN)s) by NaBHy4. Using an external magnetic field, the
magnetic Pd and bimetallic catalysts can be easily recycled in next
reaction and exhibit high reusability. Thus, the present article
intends to highlight the development of bimetallic magnetic porous
structured Au-Pd NPs and to study their reactivity towards catalytic
4-NP and Potassium hexacyanoferrate (III) reduction. The catalysis
for reduction of other nitrophenols including 2-nitrophenol, 3-
nitrophenol and 4-nitrothiophenol were also investigated.

Experimental section
Chemicals

All chemicals used were of analytical grade or of the highest purity
available. Ferric chloride hexahydrate (FeCl;-6H,0), sodium
acetate anhydrous (NaAc), trisodium citrate (CsHsO;Na3-2H,0)
were obtained from Fengchuan Chemical Company (Tianjin,
China). Polyethylene glycol 2000 (PEG-2000) was purchased from
Tianjin Guangfu Technology Development Co., Ltd. (Tianjin,
China). Ethylence glycol (EG), ethanolamine (ETA) and ethanol
was provided by Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Hydrogen tetrachloroaurate (III) trihydrate (HAuCls-3H,O,
99.9%), palladium chloride (PdClL, 99%), 3-aminopropyl-
triethoxysilane (APTES), 3-nitrophenol (3-NP), 4-nitrothiophenol
(4-NTP) and sodium borohydride (NaBH4, 98%) were obtained
from Aladin and used as received. Potassium hexacyanoferrate (I1I)
(K3Fe(CN)s, 99%), 2-nitrophenol (2-NP) and 4-nitrophenol (4-NP)
were supplied by Shanghai Chemical Corp. All glassware was
thoroughly cleaned with freshly prepared 3:1 HCI/HNO; (aqua
regia) and rinsed thoroughly with Mill-Q (182 MQ cm’
resistance) water prior to use.

Characterization

The morphology and size and of the materials were characterized
by transmission electron microscope (TEM), high resolution TEM
(HRTEM) and high angle annular dark-field scanning TEM
(HAADF-STEM) imaging and elemental mappings were examined
on a JEM-2010 (Japan) operated at 200 kV. Scanning electron
(SEM)
spectroscopy (EDS) analysis were obtained by using a Hitachi Su-

microscopy image and energy-dispersive X-ray
70 electron at a celeration voltage of 20 KV. The X-ray
photoelectron spectroscopy (XPS) was recorded on an Axis Ultra
DLD (SHIMADZU, Japan), and the Cls line at 284.6 eV was used
as the binding energy reference. X-ray powder diffraction (XRD)
pattern was carried out by using a Rigaku DMax-2600 PC
diffraction meter using monochromatic Cu Ka radiation. Magnetic
properties of the samples were measured vibrating sample
magnetometer (VSM, Lake-shore 7410) at room temperature.
Absorption spectra were recorded on a UV—vis spectroscopy was
performed with a UV-2550 spectrophotometer (SHIMADZU,
Japan) at room temperature. The Au and Pd content in the materials
were estimated with an Optima 5300DV Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) spectroscopy.

Preparation of Fe;O4 hollow spheres

2| J. Name., 2012, 00, 1-3

Firstly, the monodisperse Fe3O4 hollow spheres were prepared in
accordance  with the reported literature with  slight
modifications.’'** In detail, 1.05 g of FeCl;-6H,0 was dissolved in
28 mL of mixed solvent containing EG (21 mL) and ETA (7 mL) to
form a orange solution. Then, 2.8 g of NaAc and 0.7 g PEG-2000
were added into above solution under vigorously stirring until
completely dissolved. Then the above solution was transferred to a
Teflon-lined stainless-steel autoclave, sealed and heated at 200°C
for 8 h. When the autoclave was cooled to ambient temperature
naturally, the black products were collected by a permanent
magnet, after washed with water and ethanol for several times. The
Fe304 hollow spheres were obtained by drying at 60 °C for 12 h.
Synthesis of Fe;Os@Pd hybrid nanoparticles (Fe;0,@Pd NPs)

To adhere the resultant metal NPs strictly, the surface of Fe;O4
hollow spheres was modified by APTES. According to previous
Inethod,23 the dispersion solution of Fe;O4 hollow nanospheres was
dispersed into an ethanol solution of APTES, and then the
suspension was continuous mechanical stirred 3 h at room
the APTES-modified Fe;0y4
nanospheres were collected and washed with deionized water and

temperature. Finally, hollow
ethanol with the help of a magnet, and redispersed in water to form
a homogeneous dispersion. Then, 25 mL of above APTES-Fe;04
suspension was added into 200 pL of 112 mM PdCl, solution, the
mixture was mechanically stirred for 2 h, then a given volume of
fresh aqueous NaBH4 (10 mM) was added into the above mixture
with continuous mechanical stirring 3 h at room temperature.
Finally, the Fe;O4@Pd hybrid NPs were formed and separated by a
magnet. After washed with deionized water and dried in vacuum at
50°C for 6 h, the Fe;04@Pd hybrid NPs were obtained. It is notable
that the rest solution is colorless after separated, suggesting that
nearly all the PdCl, was reduced and generated to Pd NPs, which
were all immobilized into the catalyst carriers.

Synthesis of Fe;Os@Au nanoseeds and Fe;Os@Au-Pd NPs

To synthesize the bimetallic Fe;Os@Au-Pd hybrid NPs, the
gold nanoseeds were prepared and adhered on the Fe;O4 hollow
spheres first. The 3.5 nm gold NPs were used as nanoseeds, which
were prepared by using the NaBH, as reduction.”* To prepare the
Fe;04@Au nanoseeds, a 15 mL of the Au nanoseeds solution was
mixed with 25 mL of aqueous dispersion of APTES modified
Fes;04 hollow spheres by quick ultrasonication. The above mixture
was stirring for 2 h, and the Fe;O4@Au nanoseeds were collected
with a magnet. After washed with ethanol and deionized water 3
times, the Fe;O4@Au nanoseeds were redispersed in water to form
a homogeneous dispersion for preparing the Fe;Os@Au-Pd hybrid
NPs. A 25 mL of Fe;O4s@Au nanoseeds suspension was mixed
with an aqueous PdCl, solution (100 pL, 112 mM), the mixture was
mechanically stirred in a closed round bottom flask for 2 h. After a
fresh aqueous NaBH4 (10 mM) was added into the above mixture,
the Pd NPs were reduced and the Fe;Os@Au-Pd NPs were
prepared. The mixture was continuous mechanical stirred 3 h at
room temperature. After separated using a magnet, washed with
deionized water and ethanol, and dried in vacuum at 50°Cfor 6 h,
the Fe;O04@Au-Pd NPs were obtained.

Catalytic reduction of 4-nitrophenol (4-NP)
The catalytic properties of Fe;04@Pd and Fe;O4@Au-Pd NPs were
systematically examined according to the previous method.” For

This journal is © The Royal Society of Chemistry 20xx
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catalytic reduction of 4-NP, aqueous solutions of 4-NP (0.01 M,
0.03 mL) and freshly prepared aqueous NaBH,4 solution (0.5 M, 0.2
mL) were mixed with water (2.5 mL) in a quartz cuvette without
stirring. Then the Fe;Os@Pd or Fe;Os@Au-Pd NPs aqueous
suspension (25 pL, 2.8 mg-mL™") was injected as catalyst without
any stirring and ultrasonication. The reaction was monitored by
taking absorption spectra. The reusability was investigated by
separating the used catalysts were from the solution with a magnet
for next cycle of catalytic reaction, after the reduction process was
complete. To ensure the quantity of catalyst was enough to reuse in
the process of recycle, the 100 uL, 2.8 mg-mL™" of catalyst was
added in reaction solution.

Catalytic reduction of K3Fe(CN)g,

The reduction of K3Fe(CN)s was also investigated and monitored
using Fe;Os@Pd or Fe;Os@Au-Pd NPs as catalysts.zs’26 The
reduction of K;3;Fe(CN)s was carried out according to a typical
reaction,26 0.4 mL of 8x10° M K3Fe(CN)s was added in 1.2 mL
deionized water, then a 25 pL of suspension of catalyst was added,
followed by the rapid addition of 0.8 mL of 0.040 M fresh NaBH4
solution. The process of recycle was similar to the above

experiments.

Result and conclusion

As illustrated in scheme 1, the process of preparition of the catalyst
and catalysis was depicted clearly. The two kind of recycled
catalysts, Fe;04@Pd and Fe;O04@Au-Pd, have been synthesized by
using the Fe3;O4 hollow spheres as template. Briefly, Fe;O4 hollow
spheres were firstly synthesized by using a modified solvothermal
method.”"**> The Fe;04@Pd hybrid NPs were prepared by reducting
the PdCl, to Pd NPs on the surface of Fe;O4 hollow spheres. And
the Fe3;O4@Au-Pd hybrid NPs were generated in the form of the
seeded growth in situ by Pd*" was directly reduced on the surface
of Fe;04@Au nanoseeds. When Fe;O4@Au nanoseeds are added
into PdCl, (II) solutions (baths), Pd(Il) reduction is catalyzed and
leads to palladium deposition on the surface of Au seeds, yielding
Au@Pd NPs. Since the reduction of Pd*" ions could only occur on
the surface of Au seeds due to the Au catalysis, the newly formed
Pd atoms would nucleate and grow on the same, leading to the
formation of core—shell Au—Pd NPs.”” The Pd and bimetallic Au-Pd
NPs were fixed and inlayed on the outer surface of the Fe;O4
spheres act as robust antenna, which could augment the contact
area with reactants. And the Fe;O4@Pd and Fe;Os@Au-Pd can be
reused as catalysts in the next cycle by a magnet. The catalytic
activity of two catalysts was compared in the reduction of 4-NP and
K3Fe(CN)s (11I) by NaBHy in water.

N
& Recycling

Scheme 1 View of the preparation process and the evaluation of catalysis activity
Fe;0,@Pd and Fe30,@Au-Pd hybrid NPs.

This journal is © The Royal Society of Chemistry 20xx

The crystalline and phase of Fe;O4s@Pd and Fe;Os@Au-Pd
hybrid NPs can be inferred by XRD. The Fig. 1 shows diffraction
signals of Fe3O4, Fes;Os@Pd and Fe;Os@Au-Pd NPs in XRD
analysis. The sharp diffraction peaks (Fig. la) were indexed to
(112), (211), (202), (220), (312), (303), (224), (332), (143) and
(404) Bragg reflection of crystalline cubic inverse spinel of bulk
Fe;04 (JCPDS no. 75-1609).%' Except the characteristic diffraction
peaks of Fe3Oy, the Fig. 1b also took on the (111), (200), (220) and
(311), attribute to Bragg reflection of crystalline of Pd (JCPDS no.
05-0681),%® which proved characteristic diffraction patterns of the
fee lattice planes of metallic Pd (0) were observed for Fe;Os@Pd.
The addition of Au and Pd metal precursors during the synthesis
does not significantly alter the crystallinity of the Fe;O4 hollow
spheres (Fig. 1c). Notably, no reflections assignable to metallic Au
was present in the XRD patterns of Fe;Os@Au-Pd NPs, which is
possibly due to the low content and high dispersity of the added Au
(Fig. 1c). But the existence of Au in the Fe;O4@Au-Pd NPs can be
proved by the ICP and EDS measurement.

@11y
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=: WD (303)
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Fig. 1 XRD patterns of (a) Fe3O4 hollow spheres, (b) Fes0,@Pd, (c) Fes0,@Au-Pd
NPs, and the corresponding standard cards (FesO,: black and Pd: blue).

The morphology, size distribution and component of the
Fe;04@Pd and Fe;0s@Au-Pd NPs were detected by TEM
measurements. As illustrated in Fig. 2a, the diameter of the Fe;O4
hollow spheres was about 100+£10 nm. The Fe;O4 hollow spheres
were performed by many basic Fe;Os NPs with diameter about
25+5 nm. Based the Fe;O4 hollow spheres, the hollow hole of
Fe;04@Pd NPs can be observed in Fig. 2b, and the diameter of Pd
NPs was about 20 nm. The small dimensions of the Pd NPs are
further confirmed by the HRTEM image in Fig. 2c. As can be seen,
the HRTEM image displays the crystalline lattice structure inside
the Pd NPs. The lattice planes of the Pd NPs exhibited no stacking
faults or twins, indicating a single-crystalline nature, and the lattice
fringe spacing was measured to be 0.202 nm, which is in
accordance with Pd (200) planes. The EDS of the Fe;O4@Pd
hybrid NPs was provided in the Fig. S1, which proved the existence
of Pd element, and was in accordance with the XRD data.

A TEM image of the individual Au nanoseed was shown in Fig.
S2, which indicated the little nanoseeds can be observed on the
surface and hollow holes of the Fe;O4 spheres. Fig. 2d provided the
TEM image of the Fe;Os@Au-Pd NPs, and the size distribution
can be seen in the Fig. S3, the diameters of Au NPs were about
3.5 nm, and Au@Pd NPs were about 20-25 nm, respectively.

J. Name., 2013, 00, 1-3 | 3
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From the image, the noble NPs can be detected distributed
uniformly. The HRTEM was used to confirm the Au and Pd NPs
definitely. The HRTEM images displayed the crystalline lattice
structure inside the Au and Pd NPs in Fig. 2e, respectively. The
HRTEM image also revealed the continuous lattice fringes from the
Au core to the Pd shell, indicating an epitaxial relationship between
these two metals. The lattice fringe spacing was measured to be
0.205 nm (Fig. 2e), which is in accordance with Au (200) planes.
And the lattice fringe spacing was measured to be 0.237 nm (Fig.
2e), which can be attribute to Pd (111) planes.'®* As visible from
Fig. 2e, our synthesis method resulted in a selected deposition of
the external Pd layer at the surface of the Au nanoseeds. The size of
the core, which consists in the Au nanoseeds, varies between 3 and
5 nm, whereas the external Au@Pd particles varies in diameter
between 20 and 25 nm. Fig. 2f shows the Au@Pd core—shell
nanoparticle in the HAADF-STEM image. The distribution of Au

—Au
—Pd
15
@
=104
=
=3
]
54
0-
0 5 10 15 20 25 30

Position (nm)

Journal Name

and Pd was studied by EDS. Fig. 2f illustrates the EDS line profile
of Au and Pd, measured through the center of an individual
nanoparticle (marked by a red line in Fig. 2f). As expected,
HAADF-STEM image (Fig. 2f) the
nanoparticles with two elements of Pd and Au in NPs, both the Au
and the Pd signals were clearly traced across the entire particle,

shows interconnected

which can be illustrated by the EDS elemental line scanning

profiles (Fig. 2g). The TEM results strongly demonstrate the
formation of Au-Pd bimetallic NPs. The EDS pattern (Fig. 2h) of
the Fe;O4@Au-Pd NPs confirmed the successful deposition of Au
and Pd on the surface of Fe;Os4 hollow spheres, which was
consistant with the ICP results."****> The atomic ratio of the Pd:
Au was calculated according to ICP analysis was 3.25:1 (Pd: 2.43
wt% and Au: 1.38 wt%).

350

300
2504 |©
200 | |re

1504

Counts

100

504

4 6
Energy (keV)

Fig. 2 TEM images of (a) Fe30,, (b) Fe30,@Pd, (c) HRTEM image of Pd NPs, (d) TEM images of Fe30,@Au-Pd NPs, (e) HRTEM image of Au-Pd NPs, (f) HAADF-STEM image
of (d), (g) EDS spectrum line profile analysis of a typical Au-Pd NP indicated by the red line in (f), the information of the elemental composition and distribution of the

NP, and (h) EDS spectrum of Fe30,@Au-Pd NPs.

The SEM and EDS of the nanocomposites were measured to
confirm the morphology, size distribution and hollow structure in

4| J. Name., 2012, 00, 1-3

detail further. Consistent with the TEM results, the typical SEM
images of Fe;O4 hollow spheres, Fe;O04@Pd and Fe;Os@Au-Pd

This journal is © The Royal Society of Chemistry 20xx
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hybrid NPs (Fig. S4) showed rough surfaces. Fe;O4 hollow spheres
were uniform and non-aggregated nature with a mean diameter of
~100 nm, which were composed of lots of 25-30 nm small primary
Fe3O04NPs. The Pd NPs can be detected in the Fig. 3a, the diameter
of Pd NPs was about 20 nm, which was in accordance with TEM.
The corresponding EDS was displayed the existence of Pd, Fe and
O (Fig. 3b), and other signals in the EDS spectrum arise from
silicon slice. The amount of Pd NPs in the Fe;O4@Pd NPs was
0.7%. The SEM of Fe;O4@Au-Pd NPs indicated that the Au and
Pd NPs dispersed on the surface and hole of the Fe;O4 hollow
spheres (Fig. 3c). The corresponding EDS indicated the existence
of Au, Pd, Fe and O (Fig. 3d). Prompted by their porous hollow
structure, the nanocomposites should have a higher surface area.
Indeed, the Brunauer Emmett—Teller (BET) surface area of Fe;O4
hollow spheres, Fe;O4@Pd and Fe;O4@Au-Pd hybrid NPs (Fig. S5)
were 41.71 m>g”', 71.72 m*g " and 60.87 m*g™, respectively.

2000

si

(l si

0
i Fe ‘
i

4 6
Energy (keV)

Fig. 3 SEM images of (a) Fes0,@Pd and (c) Fe30;@Au-Pd NPs; EDS spectrum
analysis of (b) Fes0,@Pd and (d) Fe30,@Au-Pd NPs.

To evaluate the chemical composition of the hybrid NPs, the
XPS analysis on the Au and Pd was carry out (Fig. 4). The XPS
survey spectrum of Fe;O4s@Au-Pd NPs showed peaks due to Cis
(284.4 eV), O (532.6 eV), Auys (83.5 eV), and Pdsq (335.2 eV).
The Au4f high resolution spectra displayed two peaks can be
assigned to 4f7, and 4fs, doublet at 83.5 and 87.1 eV, respectively
(Fig. 4a).*® The XPS binding energy of Au 4fy, was consistent with
zerovalent Au. The high resolution XPS of Pd3d revealed two
doublets compared with Au (Fig. 4b). One pair at 335.2 and 341.1
eV corresponding to Pdsgs, and Pdsgsn, respectively, in good
agreement with the literature values (335.5 and 341.1 eV) of bulk
Pd(0). The XPS further confirms the formation of the Au-Pd alloys,
which is consistent with the previous reports.*
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Fig. 4 High-resolution XPS of (a) Au 4f (b) Pd 3d spectrum of Fe;0,@Au-Pd NPs.
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In order to assess the potential of the nanocomposites in
magnetic separation, the magnetic properties of Fe;Os@Pd and
Fe;04@Au-Pd NPs were characterized by VSM at 300 K, and the
magnetic hysteresis loops were illustrated in Fig. 5. These NPs can
be easily collected using a permanent magnet, which exhibit
characteristic features of superparamagnetism.*’ As depicted in Fig.
5, all of the samples were superparamagnetic and both the remanent
The
magnetization saturation value of the Fe;O4 hollow spheres reached
84.93 emu-g'. After coating the Pd NPs, Au-Pd NPs, the
magnetization saturation value of Fe;O4@Pd and Fe;Os@Au-Pd
NPs were reduced to 71.93 emu-g'1 and 73.79 emu'g'l,

magnetizations and coercivities were closed to zero.

respectively. The decrease in the magnetization of samples
compared with Fe;O4 can be attributed to the combined effect of
nano-sized Fe;O4 particles, robust coating of metal NPs on their
surface (quenching of magnetic moment by electron exchange
between coating and surface atoms).”® However, the magnetic
saturation value of the samples still remained at a high level, which
was large enough to facilitate the quick separation of NPs from
solution using a regular magnet (inset of Fig. 5).

100
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6o
404
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-40
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-6000 -4000 -2000 0
H (Oe)

T T
2000 4000 6000

Fig. 5 Magnetization curves of the (a) Fe3O4 hollow spheres, (b) Fes0,@Pd, (c)
Fe30,@Au-Pd NPs. The insets show their suspensions before and after magnetic
separation by an external magnet.

Catalysis
As commonly known, the direct reduction of 4-NP over noble
metal particles is considered as a green process for the production
of 4-AP.*®* 4-NP has caught great public concern due to its
causing water pollution, while its derivative, 4-aminophenol (4-
AP), is a useful industrial intermediate for antipyretic and analgesic
drugs, photographic developers, anticorrosion lubricants.”” > It was
of great use that 4-NP could be efficiently reduced to 4-AP. This
model reaction has been widely applied to test the catalytic
property of noble matal NPs and bimetallic NPs.**° Therefore, the
catalytic activity of the Fe;O4@Pd and Fe;Os@Au-Pd NPs was
estimated by the reduction of 4-NP using NaBHj4 at 30 °C.

The could be followed by UV—vis
spectroscopy. The aqueous solution of 4-NP shows a maximum

reaction Kkinetics

absorption at 317 nm, after addition of fresh NaBH., the absorption
red shifted to 400 nm immediately, due to the formation of 4-
nitrophenolate anions (Fig. S6). The reduction kinetics could be
characterized by the decrease of the absorbance at 400 nm
(consumption of 4-nitrophenolate anions) and the appearance of a
new absorption peak centered at 300 nm (generation of 4-AP) (Fig.
6a). In order to estimate the efficiency of the catalyst, the

J. Name., 2013, 00, 1-3 | 5
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predetermined calibration curve has been confirmed in Fig. S7.

According to Wunder,"'

the NaBH; was present in significant
excess in this process, the reduction kinetics of 4-NP can be
considered as a pseudo-first-order reaction”” and a good linear
relationship between In(Cy/Cy) and reaction time can be obtained.®
Due to its concentration remained virtually constant during the
reaction, the reduction rate was considered to be independent of the
NaBH,4 concentration. Thus, pseudo-first-order kinetics was used to
evaluate the reaction rate of the catalytic reaction.®® The ratio of C;
to Co (Cy/Co) (where C; and C are the 4-NP concentrations at time t
and time 0, respectively) was measured from the relative intensities
of the absorbance at the corresponding times. As expected, a linear
relationship between In(Cy/Cy) and reaction time was obtained, as
shown in inset of Fig. 6. Thus, the rate constants were estimated
from the slope of the best-fit line as ca. 14.5 and 28.9x107s ™',
respectively.”” In comparison, the Fe;Os@Au-Pd NPs have
exhibited almost double catalytic activity than mono-component Pd
counterparts at the same conditions. The catalytic efficiency of
noble metal NPs were critically depend on their size, morphology,
chemical composition, and surface structure.*** In particular,
bimetallic NPs with designed compositions and morphologies
generally show enhanced catalytic activities compared with their
monometallic counterparts, owing to the geometric, electronic and
effect between different 447 The
comparison of catalytic activity between this work with some

synergistic components.
reported catalysts was performed. Remarkably, the value of TOF is
much higher than those of the Au-Pd hybrid NPs (Table S1), which
confirmed that Fe;O4@Au-Pd NPs was a high efficient catalyst.

The binary superiority is attributed to the synergistic effects of
Au and Pd. The addition reaction near and at the already present Pd
particles allows Au—Pd bimetallic interfaces, the number of which
depends on the Au concentration influencing nucleation sites and
final size of Au growth.”® Bimetallic interfaces as well as close
proximity (Fig. 2e) of metals with different chemical absorption
characteristics and work functions are highly desired in catalysts.*®
And the charge redistribution in the Au-Pd NPs could suppress
oxidation of Pd.*' Otherwise, the Pd ensembles could form upon
the addition of Au.**’' These effects may improve the catalytic
performance of the bimetallic hybrid.
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Fig. 6 UV-vis spectra and kinetic rate of the reduction of 4-NP by NaBH, in the
presence of (a) Fes0,@Pd and (b) Fe;0,@Au-Pd NPs. Insets: the corresponding
In(Ci/Co) versus reaction time for reduction of 4-NP.

Recyclability of catalysts is an important parameter from the
industrial point of view to ascertain its long term use, to test the
reusability of Fe;O4@Pd and Fe;Os@Au-Pd NPs, six successive
cycles of catalytic reduction was repeated by using same catalyst.
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The reaction processes were monitored using UV-vis spectroscopy
(Fig. S8 and Fig. S9), respectively. The corresponding reduction
kinetics (inset of Fig. S8 and Fig. S9) were surveyed, and the
reaction rate constant k was determined respectively. According to
the UV-vis spectra (Fig. S8), using Fe;O4@Pd as catalyst, the
kinetic rate of reaction were calculated to 20.51X107%s™
13.71x10%s", 5.58x10%s", 3.99x10%s", 2.55X10%s" and
2.13%107s™, respectively. For comparison, the recyclability of
two catalysts was examined at same condition, the Fe;Os@Au-Pd
NPs exhibited higher catalytic activity which were calculated to
3531x107%s",  16.46X10%s",  7.57x10%s", 4.03x107s™,
3.44x107s" and 2.60 X 1075 in the 6 successive cycles (Fig. S9).
The bimetallic Au-Pd NPs also displayed better catalytic behaviour
in comparison to monometallic Pd NPs in recyclability. The
decrease in efficiency of the catalyst can be attributed probably to
the reduction in the surface active sites of the catalyst. The catalysts
were thus found to be stable up to at least 6 runs with conversion
efficiency of around 100% (Fig. 7).
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Fig. 7 (a) Relationship of the conversion (%) of 4-NP and the reaction time over
Fes04@Au-Pd NPs catalysts after 1-6 reused, respectively. (b) The reusability of
Fe30,@Au-Pd NPs as a catalyst for the reduction of 4-NP with NaBH,.

In order to estimate the stability of catalysts, we investigated the
SEM and EDS of the Fe;04s@Au-Pd NPs after recycled for
different times as a representative. The reacted catalyst recycled 1,
3 and 6 times was recorded by the SEM and EDS, to obtain the
information of the morphology and the chemical composition of the
catalyst. As can be seen in Fig. S10a, the structure of Fe;Os@Au-
Pd hybrid NPs was still remained the holonomic sphere with some
obvious little Au NPs which were not wrapped up by the Pd NPs on
their surface. Compared with the unreacted sample (Fig. 3c), there
could not find palpable distinction. The corresponding EDS (Fig.
S10b) took on the content of the Au (2.17 wt%), Pd (3.35 wt%) and
Fe (74.56 wt%), respectively. When the Fe;O4@Au-Pd hybrid NPs
recycled 3 times (Fig. S10c), the Au NPs can be not seen from the
surface of the spheres, and some of the spheres of the Fe;Os@Au-
Pd hybrid NPs became dispersed due to the wastage in reaction.
After the catalyst were recycled 6 times (Fig. S10e), the
morphology of the spheres emerged destroy, some of the spheres
have been piled up unregularly, and only few sphere still remained
the complete structure. However, the size and morphology of the
Au-Pd NPs did not changed all the time. The corresponding EDS
(Fig. S10f) stated that all elements were still existed with the
content of the Au (1.13 wt%), Pd (3.08 wt%) and Fe (79.83 wt%),
respectively, though some of the template of hollow sphere was
collapsed. The stability of the catalyst was proved fine, and the
catalytic activity reduced gradually at the last 6 recycles. So, the

This journal is © The Royal Society of Chemistry 20xx
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above results indicated that the Fe;Os@Au-Pd hybrid NPs show
good stability and reusability.

In addition, the reduction of K3Fe(CN)s by NaBH4 was chosen as
a model electron-transfer inorganic reaction to evaluate the
catalytic efficiency of Fe;Os@Pd and Fe;Os@Au-Pd NPs and
monitored using UV-vis spectroscopy at room temperature. The
max absorption peak of light yellow aqueous K3;[Fe(CN)s] solution
was at 420 nm. The intensity of absorption can decrease gradually
due to the formation of K4[Fe(CN)s] within 12 h after the addition
of NaBH, (Fig. S11). However, after the addition of catalyst, the
absorption peak at 420 nm significantly decreased as the reaction
procced, and the reaction process totally completed within 150 s
and 90 s, respectively. The investigations of UV-vis monitoring
demonstrate that the catalytic activity of Fe;Os@Au-Pd NPs was
better than that of the Fe;O4@Pd NPs as catalyst (Fig. 8). Since
NaBH; was present in great excess in the reduction system, the
reaction rate was almost independent of its concentration. Thus the
reaction kinetics can be evaluated by a pseudo-first-order process
with respect to the concentration of [Fe(CN)s]*. Typical plots of
In(C/Cy) against the reaction time (t) for different catalysts were
shown in inset of Fig. 8, where C; and C, are the [Fe(CN)s]*
concentrations at time t and 0, respectively. The reaction rate
constant k was 22.50x107s" and 36.06%x107s" respectively,
which was calculated from the slope of the linear section of the
plots of In(C/Cy) versus t (inset of Fig. 8a and 8b). The results
indicated the higher catalytic activity of Fe;Os@Au-Pd NPs than
Fe;04@Pd NPs toward the reduction of [Fe(CN)s]™ to [Fe(CN)s]*
ions.
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Fig. 8 UV-vis spectra and kinetic rate of the reduction of K3Fe(CN)s by NaBH;, in
the presence of (a) Fes0,@Pd and (b) Fe3;Os@Au-Pd NPs. Insets: the
corresponding In(C/Co) versus reaction time for reduction of KzFe(CN)e.

To test the reusability in reduction of KsFe(CN)g, 9 successive
cycles of catalytic reduction were carried out, respectively. The
catalysts can be reused in the process of the recycles, but the effect
of the recovered catalyst on the reaction time of subsequent
reaction is depressed to 1350 and 690 s gradually after 9 cycles,
respectively (Fig. 9, Fig. S12 and S13). As expected, linear
correlation of In(Cy/Cy) versus t of the all runs were obtained and
indicated in the Fig. 9, Fig. S12 and S13. In comparison, the rate
constant k of reaction with Fe;Os@Pd NPs as catalyst was
29.57X 10'3-5'1, which was much lower than that of Fe;04@Au-Pd
NPs, 40.79%107-s'. The same order of catalytic activity,
Fe;0s@Au-Pd>Fe;04s@Pd NPs, was observed in the two kinds of
reaction.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 (a) Relationship of the conversion (%) of KsFe(CN)s and the reaction time
over Fe30,@Au-Pd NPs catalysts after 1, 3, 5, 7, 9 reused, respectively. (b) The
reusability of Fe304@Au-Pd NPs as a catalyst for the reduction of K3Fe(CN)g with
NaBH,.

The catalytic activity of the Fe;O4@Au-Pd NPs was also investigated
by reduction of other nitrophenols including 2-nitrophenol (2-NP), 3-
nitrophenol (3-NP) and 4-nitrothiophenol (4-NTP). The reactions were
monitoring by the UV-vis spectra and showed in the supporting
information (Fig. S14-S16). The nitrophenols (2-NP, 3-NP) can be
degraded by NaBH4 with the Fe;Os@Au-Pd hybrid NPs as catalyst
within 2 min, and the 4-NTP can be reduced completely in 22 min. The
corresponding images showed that the nitrophenols (2-NP, 3-NP and 4-
NTP) can be reduced from yellow to colorless (inset of Fig. S14-16).
Above experiments proved that the Fe;Os@Au-Pd hybrid NPs can be
used as catalyst to reduce other nitrophenols except the 4-NP with good
catalytic activity. Thus, the above results imply that the Fe;Os@Au-
Pd NPs act as an excellent recyclable and efficient catalyst towards
the reduction of nitrophenols and K;Fe(CN)g.

Conclusion

In summary, we have demonstrated a facile and efficient route
for synthesizing Pd, and Au-Pd alloy NPs on Fe;O4 hollow spheres.
The magnetic Au-Pd bimetallic hybrid NPs reported herein, which
combined Au doping in Pd NPs led to a higher catalytic efficiency.
The reproducibility and stability of Fe;O4@Pd and Fe;O4s@Au-Pd
NPs were further confirmed. Excellent catalytic activities towards
the reduction of nitrophenols and K3;Fe(CN)s were observed with the
prepared, demonstrated the high catalytic activity and satisfying
stability. Following this approach, the promising magnetic
bimetallic hybrid composites would realize the conversion of nitro
to amino compounds on a large scale and would have potential

applications in environmental control.
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Recycling

View of the preparation process and the evaluation of catalysis activity Fe;0,@Pd and Fe;0,@ Au-Pd NPs.



