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A B S T R A C T

Highly efficient and recoverable utilization of noble metals is desirable for catalyst design in the industrial
application. Here we report one-dimensional (1D) chain-like Fe3O4@C/Pt sandwich nanocomposites obtained
through a facile magnetic field-induced assembly followed by a simple adsorption-reduction method. Firstly, 1D
Fe3O4@C core-shell nanochains are successfully synthesized by one-pot magnetic field-induced solvothermal
reaction, using Fe3O4 nanospheres and glucose as starting materials. Then, a trace of Pt nanoparticles with
2∼ 3 nm in size are uniformly immobilized onto the surface of the Fe3O4@C nanochains to form 1D chain-like
Fe3O4@C/Pt sandwich nanocomposites via a simple adsorption-reduction method. Such 1D sandwich nanos-
tructures endow the product with good magnetically recyclable catalytic performance towards hydrogenation
reaction of ortho-chloronitrobenzene, where a complete conversion and stable selectivity to ortho-chloroaniline
for four cycles are achieved. This work is helpful for rational design and development of highly efficient and
recyclable catalysts based on noble metals.

1. Introduction

Noble metals, especially Pt, have been considered as excellent and
versatile catalysts in various important reactions, but they are at very
low levels of abundance in nature [1]. Therefore, further enhancement
of their utilization efficiency, catalytic activity, and recycle strategy is
vital [2,3]. Studies on the synthesis of noble metal nanoparticles
(NMPs) and their catalytic activity have become increasingly common
because their specific properties often lead to the induction of unique
organic reactions [4–6]. However, one of the biggest problem with
respect to their application is the instability of “naked” nanoparticles
and their tendency to aggregate to form larger particles, which leads to
a loss of active sites [7–9]. Therefore, nanoparticle stabilization during
their synthesis and application is a major challenge. Current interest in
the design of high-performance practical catalysts is directed towards
the heterogenization of NMPs by fixing them on organic and inorganic
solid surfaces. Thus, numerous supported NMPs have been studied as
catalysts for a variety of reactions [10–15]. Since the carbon shell could
act as a barrier that prevents the coalescence of NMPs, the carbon-
supported NMPs were found to work as a robust and reusable hetero-
geneous catalysts for various reactions [12,14–18].

Magnetic nanoparticles, which can be collected easily by an external
magnetic field, have a unique superiority in separation and recycling

and have been widely used as a platform for fabricating various kinds of
recyclable catalyst. Iron oxides (magnetite or maghemite) are well-
known for their abundance and magnetism; when they are successfully
employed as the core, the obtained catalysts naturally combine the
advantages of low cost and an easy recovery function derived from use
of an external magnetic field [19–32]. Core-shell magnetic composites
are generally prepared by encapsulating magnetic particles in inorganic
silica, organic polymers or amorphous carbon [28–32]. For instance, Li
et al. reported a magnetic core-shell structured nanocatalyst (Au@
Fe3O4/m-SiO2 nanocomposites) with both improved recyclability and
catalytic activity toward the reduction of 4-nitrophenol [28]. Zhang
et al. reported a method to fabricate core-shell Fe3O4/Polyaniline/Au
nanocomposites with excellent catalytic activity on reducing the p-Ni-
trophenol [29]. Moreover, Heidari et al. synthesized a more compli-
cated-structure Fe3O4@SiO2/isoniazide/Pd nanocatalyst for highly ef-
ficient synthesis of biaryls by Suzuki coupling reactions [30]. With
carbon shell as interlayer, Baig et al. proposed Fe3O4@C/Pd nano-
composites as an efficient and sustainable catalyst for the reduction of
methyl orange and hydrogenation reactions alkenes and reduction of
aryl nitro compounds [31,32]. However, most of synthesis procedures,
especially with SiO2 as interlayer, are complicated and not eco-friendly.
Moreover, the spherical morphology of the catalysts usually has less
active sites on their surface than other morphological counterparts such
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as flower-like structure, and thus impedes their catalytic activity to
some extent [33–35].

Herein, we represent a facile route to synthesis magnetically re-
cyclable one-dimensional (1D) chain-like Fe3O4@C/Pt sandwich-
structure nanocomposites through a layer-by-layer self-assembly
(Fig. 1), and used for hydrogenation of ortho-chloronitrobenzene (o-
CNB). Firstly, the 1D Fe3O4@C core-shell nanochains were synthesized
by two-step reactions including solvothermal and hydrothermal reac-
tions with an external magnetic field. Then, chloroplatinic acid was
deposited onto the surface of the Fe3O4@C nanochains by electrostatic
adsorption and reduction before 1D chain-like Fe3O4@C/Pt sandwich
nanocomposites were obtained. To evaluate their catalytic application,
the as-prepared Fe3O4@C/Pt sandwich nanocomposites were employed
to catalysis hydrogenation reaction of o-CNB.

2. Experimental details

All reagents were analytical grade, purchased from the Shanghai
Chemical Reagent Factory, and used as received without further pur-
ification.

2.1. Magnetic field-induced self-assembly of 1D chain-like Fe3O4@C core-
shell nanostructures

The Fe3O4 nanospheres were prepared according to a reported
method [36]. For the preparation of Fe3O4@C core-shell nanos-
tructures, 0.2 g of Fe3O4 nanospheres were first dispersed in 0.1 M of
HNO3 by ultrasonication (SCIENTZ, SB25-12 DTD) for 10min, and
washed with distilled water for three times. The treated Fe3O4 nano-
spheres were added into 40mL of 0.5M of glucose aqueous solution
and sonicated at room temperature for another 10min. The suspension
was transferred into a 50mL of Teflon-sealed autoclaves and kept at
160 °C for 16 h in an oven (DHG-9035A) in the presence of a 0.20 T
external magnetic field. The obtained products were isolated with the
help of a magnet and washed with distilled water and ethanol three
times, which were dried under vacuum at 60 °C for 12 h.

2.2. Synthesis of 1D Chain-like Fe3O4@C/Pt sandwich nanocomposites

The as-prepared chain-like Fe3O4/C nanostructures (250mg) above
as supports were thoroughly dispersed ultrasonically in 30mL of
ethanol followed by 10mL of 4 g/L H2PtCl6·6H2O aqueous solution. The
resulting mixture was evaporated and dried at 70 °C to obtain the pla-
tinum-adsorbed Fe3O4@C supports, the precursor of Fe3O4@C/Pt. The
precursor was dispersed ultrasonically in 10mL ethylene glycol con-
taining excess L-ascorbic acid (82mg) and reduced at 70 °C for 6 h. The
final products were collected using a magnet and washed with ethanol
and distilled water three times before drying at 60 °C for 4 h.

2.3. Characterization

Powder X-ray diffraction (XRD) measurements of the products were
performed with a Philips PW3040/60 X-ray diffractometer using Cu Kα
radiation at a scanning rate of 0.06 deg s−1. Scanning electron micro-
scopy (SEM) and energy dispersive X-ray (EDS) spectra were performed
with a Hitachi S-4800 scanning electron microscope with an accel-
erating voltage of 15 kV. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM) images
were recorded at 200 kV with a JEM-2100F field emission machine.
Further evidence for the composition of the product was inferred from
X-ray photoelectron spectroscopy (XPS), using an ESCALab MKII X-ray
photoelectron spectrometer with Mg Ka X-ray as the excitation source.
Fourier transform infrared (FT-IR) spectra of KBr powder-pressed pel-
lets were recorded on a BRUKER VECTOR 22 Spectrometer.

2.4. Catalytic activity of 1D chain-like Fe3O4@C/Pt sandwich
nanocomposites towards hydrogenation reaction of o-CNB

Catalytic activities of 1D chain-like Fe3O4@C/Pt sandwich nano-
composites were evaluated by the hydrogenation reaction of o-CNB in a
liquid-phase at 333 K for 1 h under hydrogen pressure of 0.1 MPa in a
100mL stainless steel autoclave with a mechanical stirrer. The auto-
clave was loaded with 100mg of catalyst dispersed in 50mL methanol;
afterwards added with 2.56mmol of o-CNB. Then the autoclave was

Fig. 1. Schematic illustration of the synthetic process of 1D chain-like Fe3O4@C/Pt sandwich nanocomposites through a magnetic field-induced assembly.
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flushed several times with helium followed by flushing with hydrogen
in order to remove air. In each case, the reaction time was 1 h and
stirring rate was 960 rpm. The reaction products were analyzed on an
Agilent 6820 gas chromatograph equipped with an FID detector and a
HP-5 capillary column. To further study the regeneration of the 1D
chain-like Fe3O4@C/Pt sandwich nanocomposites as catalysts, we also
examined the catalytic activity of sample recycled by simple magnet
separation and reused for 4 times. The recycled catalyst sample was
reused without any post-treatment except being washed with ethanol
and distilled water three times after each hydrogenation reaction.

3. Results and discussion

Fig. 2 shows the XRD patterns of as-prepared 1D chain-like
Fe3O4@C core-shell nanostructures and Fe3O4@C/Pt sandwich nano-
composites. It was found that all the diffraction peaks in Fig. 2a can be
readily indexed as the face-centered cubic (fcc) spinel magnetite
structure (JCPDS standard card no. 86-1354, a= 8.382Ǻ). The sharp
profile of these peaks suggests that the Fe3O4 cores via solvothermal
reaction are in good crystalline state. The peaks corresponding to
carbon shell were not observed, possibly because the carbon shell ob-
tained via hydrothermal method is in amorphous state. Pattern b be-
longs to the as-prepared 1D chain-like Fe3O4@C/Pt sandwich nano-
composites, in which except peaks from Fe3O4, a new broaden peak at
2θ=39.8° matches well with (1 1 1) crystal plane diffraction of fcc Pt,
indicating existence of Pt species in the sandwich nanocomposites.
According to the diffraction intensity, the average particle size of Pt
species, calculated using the Debye–Scherrer equation, is about 2.5 nm.
Such small size as well as lower content of Pt species in the sandwich
nanocomposites made it difficult to detect other diffraction peaks of fcc
Pt at 46.6° and 68.2° corresponding to (2 0 0) and (2 2 0) planes, re-
spectively, by XRD.

Fig. 3 shows the typical SEM images of as-prepared Fe3O4 nano-
spheres, Fe3O4@C core-shell nanostructures and Fe3O4@C/Pt sandwich
nanocomposites. It was found that in Fig. 3a the Fe3O4 nanospheres
obtained via solvothermal method are isolated from each other with
high dispersion and that the nanosphere size is about 150 nm. The
nanospheres in glucose aqueous solution were assembled successfully to
1D chain-like structure via hydrothermal reaction in presence of an
external magnetic field as illustrated in Fig. 3b. As seen, the 1D chain-
like structure has a length of several micrometers with high dispersion.
Moreover, the chain-like structure has a smoother surface than Fe3O4

Fig. 2. XRD patterns of as-prepared (a) 1D chain-like Fe3O4/C core-shell na-
nostructures and (b) Fe3O4@C/Pt sandwich nanocomposites.

Fig. 3. SEM images of as-prepared (a) Fe3O4 nanospheres, (b) 1D chain-like Fe3O4@C core-shell nanostructures and an enlarged view (inset), and (c) 1D chain-like
Fe3O4@C/Pt sandwich nanocomposites and an enlarged view (inset); (d) EDS spectrum of the Fe3O4@C/Pt nanocomposites.
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nanospheres as illustrated in a higher magnification image (inset in
Fig. 3b), indicating deposition of amorphous carbon on Fe3O4 nano-
spheres. After Pt-containing precursor absorption and reduction pro-
cess, it can be seen that from Fig. 3c the Fe3O4@C nanostructures
maintain the chain-like profile to some extent, while their surface ap-
pears to become rough slightly due to deposition of new nanoparticles
on them (see inset). An EDS study on such nanocomposite showed that
there are Fe, Pt, C, and O elements contained in the composite (Fig. 3d).
It is inferred that the Pt element results from the new nanoparticles,
indicating the formation of 1D chain-like Fe3O4@C/Pt sandwich na-
nocomposites.

The transmission electron microscope (TEM) method was employed
to further study morphology and structure features of the 1D chain-like
Fe3O4@C and Fe3O4@C/Pt nanocomposites as illustrated in Fig. 4. It
was found that in Fig. 4a the Fe3O4 nanospheres assembled end to end
to a chain-like structure during hydrothermal process in presence of
extra magnetic field and that the formed Fe3O4 chain is coated com-
pletely by carbon shell layer. A HRTEM image (inset) revealed that the
carbon layer is in amorphous state being in agreement with XRD ana-
lysis and its thickness is about 10 nm. The lattice spacing of 0.252 nm
located at core matches well with (3 1 1) planes of magnetite Fe3O4

[25]. Fig. 4c showed a typical 1D chain-like sandwich structure
Fe3O4@C/Pt nanocomposite, where dense Pt nanoparticles are uni-
formly distributed on the carbon layer. The HRTEM image (Fig. 4d)
revealed that these Pt nanoparticles are isolated from each other with
high dispersion and have a size of about 2–3 nm. Electron diffraction
analysis showed that these Pt nanoparticles are in polycrystalline sate
and made of finer substructures (inset). These structural features might
endow a trace of Pt nanoparticles with high specific surface and thus
lots of active sites.

In order to determine the surface element composition and their

oxidative state of the 1D chain-like Fe3O4@C/Pt nanocomposites, the
XPS spectra were obtained and shown in Fig. 5. From Fig. 5a, it can be
seen that the elements Pt, C, O, and Fe are detected on the surface of the
nanocomposites. The signal of Pt is weaker than that of C and O but
higher than Fe, indicating that the Fe3O4@C support is modified by a
certain amount of Pt nanoparticles, while the Fe3O4 core is coated
completely by the carbon shell. The atomic percent of Pt nanoparticles
by XPS measurement is ∼1.28%, indicating a very low loading amount
of Pt nanoparticles on Fe3O4@C supports. The XPS high-resolution
spectrum of Fe 2p can be fitted into two main doublet peak, as shown in
Fig. 5b. The binding energy of the doublet peak at 710.8 eV (assigned to
Fe 2p3/2) and 724.2 eV (assigned to Fe 2p1/2) can be attributed to Fe(II)
and Fe(III), corresponding to Fe3O4 core [37]. Fig. 5c shows the Pt 4f
XPS high-resolution spectrum with a rather asymmetric profile, in-
dicating more than one Pt species on the sample surface. This Pt 4f
spectrum was curved fitted with two pairs of doublet peaks. The pair of
peaks centered at binding energy of 71.3 eV and 74.7 eV represent Pt
(0) species [2], while the other two peaks at 72.2 eV and 76.3 eV can be
assigned to Pt (II) species in platinum oxide (PtO) resulting from easy
oxidation of Pt nanoparticles [38]. The percentage of Pt (0) and Pt (II)
species calculated from relatively intensity of their peaks is determined
to be 64% and 36%, respectively. The XPS high-resolution spectrum of
C 1s is shown in Fig. 5d, which can be resolved into three peaks by the
peak fitting program. An asymmetric broad peak of the core level
spectrum in the C1s region indicates that more than one chemical states
of C are present in interlayer carbon shell [25,39]. By fitting the ex-
perimental line profile, Three peaks were identified and assigned to the
CeC and CeH (284.8 eV), CeO (286.5 eV), and C]O species
(288.4 eV), respectively [40].

Fig. 6a shows the FT-IR spectrum of as-prepared 1D chain-like
Fe3O4@C/Pt sandwich nanocomposites, which further revealed the

Fig. 4. TEM (a and c) and HRTEM (b and d) images of the as-prepared (a and b) 1D chain-like Fe3O4@C core-shell nanostructures and (c and d) Fe3O4@C/Pt
sandwich nanocomposites.
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chemical functional groups on the surface of the nanocomposites. The
bands at 1700 and 1630 cm−1 are attributed to C]O and C]C vibra-
tions, respectively, because some aromatic compounds were formed in
hydrothermal reactions of glucose aqueous solution and finally con-
tained in the amorphous carbon interlayer [41]. Also, the O-H
stretching band is observed clearly at ∼3430 cm−1. The bands in the
range of 1000–1300 cm−1, which include the CeOH stretching and OH
bending vibrations, imply the existence of large numbers of residual
hydroxyl groups in carbon shell. Therefore, the carbon shell has a hy-
drophilic functional groups obtained in hydrothermal process, which
not only enhances the dispersion of the Fe3O4 nanospheres, also

prevents aggregation, oxidation and/or erosion of the Fe3O4 cores [32].
Meanwhile, the hydrophilic groups can act as anchors to immobilize Pt
on the carbon shell surface and hence improve the dispersion of fine Pt
nanoparticles.

To evaluate the capacity of 1D chain-like Fe3O4@C/Pt

Fig. 5. XPS spectra of as-prepared 1D chain-like Fe3O4@C/Pt sandwich nanocomposites: (a) survey spectrum, (b) Fe 2p, (c) Pt 4f and (d) C1s high-resolution
spectrum.

Fig. 6. FI-IR spectra of the as-prepared (a) and recovered (b) 1D chain-like
Fe3O4@C/Pt sandwich nanocomposites.

Table 1
Catalytic hydrogenation of o-CNB over different Pt-based catalysts.

Catalysts Time
(min)

Conversion of
o-CNB (%)

Selectivity of
o-CAN (%)

Production
efficiency of o-
CAN (%)

Fe3O4@C/Pt a 60 100 85.2 85.2
Pt/Al2O3

b [42] 60 81.1 96.2 78.0
PEG-stabilized

Pt NPs c [43]
60 74.7 82.8 61.9

a The main by-product is the dechlorinated compound of o-CAN.
b Reaction conditions: 50mg catalyst; 2 mmol o-CNB; 303 K; 0.1MPa

H2,10mL ethanol.
c Reaction conditions: 200mg Pt-PEG2000; 1mmol o-CNB; 313 K; 1MPa H2,

1.5 mL methanol.

Table 2
Catalytic Performance of Fe3O4@C/Pt catalyst and recovered Fe3O4@C/Pt
catalyst in the o-CNB to o-CAN reaction runs.

Run Conversion of o-CNB (%) Selectivity of o-CAN (%)

1 100 85.2
2 100 85.4
3 100 85.1
4 100 85.1
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nanocomposites as catalyst, the hydrogenation reaction of o-CNB was
carried out as model reaction. The reaction was conducted with me-
thanol as the solvent at 333 K for 1 h under a hydrogen pressure of
0.1 MPa. Table 1 shows the catalytic performance of as-prepared
Fe3O4@C/Pt catalyst and some Pt-based catalysts in previous studies
[42,43]. As we can see, at reaction time of 60min, the chain-like
Fe3O4@C/Pt catalyzed the hydrogenation reaction of o-CNB with a
conversion of 100%, indicating a very high catalytic activity over Al2O3

supported and PEG-stabilized Pt nanoparticles. Besides, among three
catalysts the Fe3O4@C/Pt also exhibited the highest production effi-
ciency of o-CAN (85.2%), although it has a slightly lower o-CAN se-
lectivity than Pt/Al2O3. The slightly low selectivity may result from the
specific reaction conditions employed in hydrogenation process, be-
cause the selectivity is also influenced in some extent by the mass ratio
of catalyst and o-CNB, hydrogenation temperature, hydrogen pressure
and reaction medium [44–48]. Another important characteristic of the
chain-like Fe3O4@C/Pt catalyst is the magnetically recyclable catalytic
performance. After the hydrogenation reaction using the as-prepared
Fe3O4@C/Pt catalyst, the catalyst could be recovered easily by applied
extra magnet and reused without any post-treatment except being
washed with ethanol and distilled water three times. With the re-
covered Fe3O4@C/Pt as catalyst again, a complete conversion could be
still achieved at the fourth reaction run with a selectivity constant.
From these results, it was inferred that a trace of Pt nanoparticles with
high dispersion are located immovably on interlayer carbon shell
during whole catalytic process and that the 1D Fe3O4@C nanostructures
are effective supports for highly active Pt nanoparticles. The results
above suggested that the 1D chain-like Fe3O4@C/Pt sandwich nano-
composites have a potential as a high active and stable catalyst in
catalytic chemistry (see Table 2).

The reason for high and stable catalytic activity was analyzed in
terms of the sandwich structure of the nanocomposites. The interlayer
amorphous carbon not only enhances the chemical stability of Fe3O4

cores, also improves the dispersion of fine Pt nanoparticles. Such high
dispersion endows the Pt nanoparticles with high specific surface and
hence lots of active sites for the hydrogenation reaction of o-CNB,
which is responsible for high catalytic activity. The structure stability of
the nanocomposites as catalysts could also be explained in terms of FI-
IR spectrum analysis on as-prepared and recovered catalysts. As shown
in Fig. 6b, the nearly consistent FT-IR spectrum profiles were obtained
on the two catalysts, indicating that the structure and composition of
the as-prepared Fe3O4@C/Pt nanocomposites were not modified ob-
viously after 4 reaction runs. In addition, the recovering loss efficiency
of the 1D chain-like Fe3O4@C/Pt nanocomposites as catalysts is con-
sidered to be smaller than that of spherical counterparts, because the
chain-like nanocomposites consisting of nanospheres usually have
larger mass and thus higher magnetic response than individual sphe-
rical counterpart when they are recovered for reuse with aid of external
magnetic field. This structural feature also attributed to the stable
catalytic activity.

4. Conclusions

In summary, a facile route has been developed to prepare 1D chain-
like Fe3O4@C/Pt sandwich nanocomposite as magnetically recovered
catalyst. This sandwich nanocomposite is composed of 1D Fe3O4 chain
made of nanospheres as core, the amorphous carbon as interlayer, and
Pt nanoparticles as active sites. The interlayer carbon not only improves
the dispersion of fine Pt nanoparticles with a low loading amount, also
enhances the stability of Fe3O4 cores. Because of these structural
characteristics, the composite catalyst exhibits excellent catalytic ac-
tivity towards the hydrogenation reaction of o-CNB and is easily re-
covered and reused by extra magnetic field with catalytic activity
constant. This strategy provides new insights into development of high
efficient and easily recovered and reused noble metal-based catalysts.
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