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We report a novel strategy for fabrication of one-dimensional (1D) Fe3O4/C/CdS coaxial nanochains

via a magnetic field-induced assembly and microwave-assisted deposition method. First, 1D pearl

chain-like Fe3O4/C core–shell nanocables are successfully assembled via the hydrothermal reaction of

Fe3O4 nanospheres and glucose in water in the presence of an external magnetic field. The

carbonaceous layer is about 10 nm in thickness, and it acts as the stabilizer for the Fe3O4 nanochains.

Afterwards, CdS nanoparticles are facilely deposited onto the 1D Fe3O4/C nanochains via a rapid

microwave-irradiation route to form 1D Fe3O4/C/CdS coaxial nanochains. Further investigation has

revealed that these magnetic nanocomposites possess significantly improved activity as a recyclable

photocatalyst for the degradation of organic pollutants when exposed to visible light irradiation. This

new synthesis strategy is not restricted to the specific material discussed in this work and should be

versatile for a wide range of magnetically separable photocatalysts containing 1Dmagnetic nanochains

as the support and an outer layer of active semiconductor nanocrystals.
1. Introduction

The presence of a trace amount of toxic organic compounds,

such as dyes and polymer additives, in water bodies and waste-

water poses severe environmental pollution and health prob-

lems.1 In recent years, great efforts have been devoted to develop

strategies to resolve these problems, which include chemical

oxidation, solvent extraction, filtration, adsorption, flotation and

photocatalytic degradation.2 Among these methods, photo-

catalytic degradation by semicondutors has become more and

more attractive due to its low cost, simplicity and high efficiency

as well as low secondary pollution.3 Cadmium sulfide (CdS) is

a very important II–VI compound semiconductor, and it has

been used widely in electroluminescent devices, solar cells, and

other optoelectronic devices.4–6 Because of the unique photo-

chemical and photophysical properties, CdS nanoparticle based

photocatalysts for the degradation of dyes in wastewater under

visible light irradiation have attracted intense interest in recent

years.7 To reduce the aggregation and enhance the visible-light-

driven activity, we have previously employed loading of CdS

nanoparticles on the surface of colloidal carbon spheres and
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observed significantly enhanced photocatalytic activity.8

However, photocatalytic reactions are usually carried out in an

aqueous suspension of the photocatalyst powder. Therefore, it

requires a tedious separation process in order to regenerate the

catalysts from large volumes of reaction solutions. Up to now, it

remains as a great challenge to develop a reliable method for

realization of photocatalyst recycling.9

Magnetite (Fe3O4) particles can be collected easily by an

external magnetic field, and they hence are advantageous as

a carrier to facilitate material separation and recycling in

aqueous solutions.10–12 As an example, a magnetically separable

photocatalyst was recently demonstrated by growing highly

active TiO2 nanosheets on silica protected Fe3O4 nanospindles.
13

It was also reported that coating CdS nanowires with magnetic

nanoparticles may lead to bifunctional nanoparticles, which

could be applied, for example, as magnetically separable pho-

tocatalysts.14 Moreover, to protect the Fe3O4 particles from

chemical degradation or agglomeration in real environments, it is

often necessary to coat the particle surface with an organic or

inorganic shell.15,16 Additionally, new functionalities might also

be introduced into the coatings, such as optical properties,

catalytic or absorbing capacity.17 Amorphous carbon, which can

be obtained via inexpensive and environmentally benign hydro-

thermal processes using glucose as a precursor, is an interesting

and unique coating material for nanostructures. The surface of

the amorphous carbon is hydrophilic and has abundant amounts

of –OH and –COO� groups. When dispersed in metal salt solu-

tions, these surface functional groups can bind metal cations
J. Mater. Chem., 2011, 21, 18359–18364 | 18359

http://dx.doi.org/10.1039/c1jm13789a
http://dx.doi.org/10.1039/c1jm13789a
http://dx.doi.org/10.1039/c1jm13789a
http://dx.doi.org/10.1039/c1jm13789a
http://dx.doi.org/10.1039/c1jm13789a
https://doi.org/10.1039/c1jm13789a
https://pubs.rsc.org/en/journals/journal/JM
https://pubs.rsc.org/en/journals/journal/JM?issueid=JM021045


Pu
bl

is
he

d 
on

 1
7 

O
ct

ob
er

 2
01

1.
 D

ow
nl

oa
de

d 
by

 Z
he

jia
ng

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
5/

2/
20

22
 8

:2
3:

52
 A

M
. 

View Article Online
through coordination or electrostatic interactions.18 In addition,

there are nanosized pores distributed uniformly on the surface of

the carbon coatings. These pores could not only increase the

surface area, but also facilitate penetration of reactive species.10

For example, Bi2WO6/C/Fe3O4 sandwich microspheres are

prepared with a thin carbon interlayer, which exhibit high effi-

ciency in the photocatalytic decomposition of phenol with the

assistance of H2O2.
9 These microspheres can be easily recovered

by a magnet and then reused. Bean-shaped core–shell

Fe3O4/C/Cu2O composite nanostructures are reported to exhibit

excellent recyclable photocatalytic activity for degradation of

organic pollutants under visible-light irradiation.19 In summary,

encapsulating magnetic cores with amorphous carbon offers

multifold advantages: (a) protection of the cores from erosion in

acidic environments, (b) effective screening of the dipolar inter-

actions, and (c) introduction of additional functionalities due to

the presence of abundant surface reactive groups. In comparison

to the polymer grafting of the silica shell, the coating of amor-

phous carbon is also much less expensive and more environ-

mentally benign.

In recent years, an external magnetic field has been increas-

ingly used as an important handle for controlling the synthesis

and assembly of magnetic materials to form one-dimensional

(1D) nanostructures.20–24 For example, Wang et al. reported the

synthesis of Fe3O4 nanowires under the influence of magnetic

fields,23 and Sun et al. demonstrated an alternating magnetic

field-induced assembly of magnetite nanoparticles and its close

relationship with their surface charge.24 Very recently, a solution-

phase process for the fabrication of magnetically responsive

photonic nanochains was reported. Each of the nanochains is

composed of magnetic Fe3O4 nanoparticles fixed within a silica

shell. These photonic nanochains can be aligned in magnetic

fields and diffract visible light.25

Herein, 1D Fe3O4/C/CdS coaxial nanochains are synthesized

by a new strategy based on a magnetic field-induced assembly

and microwave-assisted route (Scheme 1). First, 1D pearl chain-

like Fe3O4/C core–shell nanostructures are prepared by the
Scheme 1 Schematic illustration of the synthesis process of 1D chain-

like Fe3O4/C/CdS nanostructures via a magnetic field-induced assembly

and microwave-assisted deposition method.

18360 | J. Mater. Chem., 2011, 21, 18359–18364
hydrothermal reaction of preformed Fe3O4 nanospheres and

glucose in water in the presence of an external magnetic field. The

length of these 1D chain-like nanostructures is about tens of

micrometres and the thickness of the amorphous carbonaceous

layer is about 10 nm. Afterwards, 1D chain-like Fe3O4/C/CdS

nanostructures are obtained via a facile and rapid microwave-

assisted method, which has the advantages of leading to small

particle size, narrow particle size distribution, and high purity in

comparison to the conventional methods.8,26–28 In this study, the

amount of CdS nanoparticles deposited is controllable by

varying the microwave irradiation time. These 1D Fe3O4/C/CdS

magnetic nanochains exhibit excellent photocatalytic activity for

the degradation of Rhodamine-B (RhB) dye when exposed to

visible light irradiation. Moreover, these magnetically separable

photocatalysts can be readily recovered and reused with virtually

no loss in catalytic efficiency. Therefore, they can be easily

applied to remove toxic organic pollutants during water

treatment.
2. Experimental section

2.1. Magnetic field-induced assembly of chain-like Fe3O4/C

core–shell nanostructures

The Fe3O4 nanospheres were prepared according to a reported

method.29 For the preparation of Fe3O4/C core–shell nano-

particles, 0.2 g of Fe3O4 nanospheres was first sonicated in

a solution of 0.1 M HNO3 for 10 min, and washed with distilled

water for three times. The treated Fe3O4 nanospheres were added

to an aqueous solution of 0.5 M glucose and sonicated at room

temperature for another 10 min. The above suspension was

transferred to an autoclave and kept at 160 �C for 16 h in the

presence of an external magnetic field (0.2 T). The chain-like

Fe3O4/C core–shell nanostructures were isolated with the help of

a magnet and washed with distilled water and ethanol several

times, then were dried under vacuum at 60 �C for 12 h.
2.2. Microwave-assisted synthesis of 1D chain-like Fe3O4/C/

CdS nanocomposites

In a typical procedure, 0.01 mol of CdCl2$2.5H2O was added

into a round-bottom flask containing a mixed solvent of 10 mL

of ethanol and 10 mL of distilled water to form a clear solution.

50 mg of the as-prepared chain-like Fe3O4/C magnetic compos-

ites was added to the above solution and was dispersed with the

assistance of sonication for 10 min. The Cd2+ ions were then

allowed to interact with the surface functional groups (e.g.,

carboxylic) of the chain-like Fe3O4/C composites. Adsorption

equilibrium was ensured by maintaining the suspension at 60 �C
for 10 h. Then the Fe3O4/C/Cd

2+ particles were collected by

a magnet and dried, after removing the superfluous cations and

anions by repeated washing with ethanol and distilled water for

three times. The above-obtained Fe3O4/C/Cd
2+ sample and

0.01 mol of thioacetamide (TAA) were placed in a microwave

refluxing system irradiated at 400 W for different durations,

which resulted in 1D chain-like Fe3O4/C/CdS sandwich nano-

composites. 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. The products obtained with different microwave
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 XRDpatterns of as-prepared samples: 1D pearl chain-like Fe3O4/

C core–shell nanostructures (a), and 1D chain-like Fe3O4/C/CdS nano-

composites obtained with different microwave irradiation times (b) 5

min, (c) 10 min, (d) 15 min, and (e) 20 min.

Fig. 2 SEM images of as-prepared Fe3O4 nanospheres (a), 1D chain-like

Fe3O4/C core–shell nanostructures (b), andFe3O4/C/CdSnanocomposites

obtained with an irradiation duration of 5 min (c) and 20 min (d).
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irradiation times of 5, 10, 15, and 20 min are named as S5, S10,

S15, and S20, respectively, while Fe3O4/C was labeled as S0.

2.3. Characterization

Powder X-ray diffraction (XRD) measurements of the samples

were performed with a Philips PW3040/60 X-ray diffractometer

using Cu Ka radiation at a scanning rate of 0.06 deg s�1. Scan-

ning electron microscopy (SEM) was performed with a Hitachi

S-4800 scanning electron microanalyzer with an accelerating

voltage of 15 kV. Transmission electron microscopy (TEM),

high-resolution transmission electron microscopy (HRTEM)

images and energy dispersive X-ray (EDX) spectra were recorded

at 200 kV with a JEM-2100F field emission TEM. 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. The absorption spectra were measured

using a PerkinElmer Lambda 900 UV-vis spectrophotometer at

room temperature.

2.4. Photocatalytic activity measurement

Photocatalytic activities of 1D chain-like Fe3O4/C/CdS nano-

composites were evaluated by the degradation of RhB dye under

visible light irradiation of a 500 W Xe lamp with a 420 nm cutoff

filter. The reaction cell was placed in a sealed black box with the

top opened, and the cutoff filter was placed to provide visible-

light irradiation. In a typical process, 0.04 g of as-prepared chain-

like Fe3O4/C/CdS nanocomposites as photocatalyst was added

into 100 mL of RhB solution (concentration: 5 mg L�1). After

being dispersed in an ultrasonic bath for 5 min, the solution was

stirred for 2 h in the dark to reach adsorption equilibrium

between the catalyst and the solution. Then, the suspension was

exposed to visible light irradiation. The samples were collected at

given time intervals to measure the RhB concentration by UV-vis

spectroscopy.

To further study the recyclability of the 1D chain-like

Fe3O4/C/CdS nanocomposites, we also examined the photo-

catalytic activity of sample S20 for 16 times. The recycled pho-

tocatalyst sample was reused without any post-treatment except

being washed with ethanol and distilled water three times after

each photocatalytic degradation of RhB.

3. Results and discussion

The X-ray diffraction (XRD) patterns of as-prepared 1D chain-

like Fe3O4/C and Fe3O4/C/CdS core–shell nanostructures are

shown in Fig. 1. All the diffraction peaks can be indexed to the

face-centered cubic (fcc) spinel magnetite structure (JCPDS

standard card no. 86-1354, a ¼ 8.382 �A). No impurity peaks are

detected showing that the products are phase-pure. Patterns b, c,

d and e correspond to the as-prepared 1D chain-like

Fe3O4/C/CdS nanocomposites, obtained via the microwave-

assisted method with different irradiation times. The patterns

obviously consist of two sets of diffraction peaks (Fe3O4 and

CdS), and the broadened diffraction peaks match well with

fcc CdS (JCPDS standard card no. 89-0440, a ¼ 5.830 �A).

Because the (400) peak of Fe3O4 is very adjacent to the (220)

diffraction peak of CdS, two peaks are overlapped together.
This journal is ª The Royal Society of Chemistry 2011
With increasing irradiation time, the diffraction intensity of the

strongest CdS (111) peak increases gradually. This indicates that

the CdS nanoparticles grow larger with better crystallinity.

The scanning electron microscopy (SEM) images of as-

prepared Fe3O4 nanospheres, Fe3O4/C core–shell nanostructures

and Fe3O4/C/CdS nanocomposites are shown in Fig. 2. Fig. 2a

shows that the size of these uniform Fe3O4 nanospheres obtained

via a solvothermal method is about 100 nm. After reaction in the

presence of an external magnetic field, as shown in Fig. 2b and

inset, large-scale, very long and straight single chain-like struc-

tures are obtained. Obviously, the external magnetic field plays

a key role in the formation of these 1D chain-like Fe3O4/C core–

shell nanostructures. Specifically, the Fe3O4 nanospheres are

aligned into 1D pearl chain-like structures in the solution

induced by the external magnetic field.22,30 These 1D nanochains

are then quickly stabilized by the carbon coating derived from

glucose during the hydrothermal reaction.31 These 1D Fe3O4/C

core–shell nanochains are then used as support for microwave-

assisted deposition of CdS nanoparticles. The SEM images of 1D

Fe3O4/C/CdS nanochains obtained with different irradiation

times are shown in Fig. 2c and d. With increasing microwave

irradiation time, apparent morphological changes can be

observed. Specifically, the surface becomes rougher and thicker,
J. Mater. Chem., 2011, 21, 18359–18364 | 18361
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indicating deposition of increasing amounts of CdS nano-

particles on the Fe3O4/C surfaces. The rough surface may be

beneficial for the photocatalytic degradation of organic pollut-

ants by providing a higher specific surface area. We have further

used an atomic absorption spectrometer to determine the

quantitative weight fraction of CdS in each sample. The results

show that the weight fraction of CdS in the sample increases with

increasing microwave irradiation time. More specifically, it is

2.14%, 3.68%, 5.82%, and 6.22% in samples S5, S10, S15 and S20,

respectively.

Further morphology and structure characterizations of the as-

prepared samples are shown in Fig. 3. Fig. 3a is a transmission

electron microscopy (TEM) image of a single 1D Fe3O4/C core–

shell nanochain, which clearly shows that many individual Fe3O4

nanospheres form a long straight chain via external magnetic

field-induced assembly. Compared to the 1D pearl chain-like

Fe3O4/C core–shell structures, the Fe3O4/C/CdS structures

(Fig. 3b and c) have rougher surfaces because the CdS nano-

particles are uniformly deposited on the surface of the carbon

layer. It can be further observed that the CdS nanoparticles grow

larger with the increasing irradiation time. These results are in

good agreement with the above SEM and XRD analyses. From

the high-resolution (HR)TEM image (Fig. 3d), clear lattice

fringes of a Fe3O4 nanosphere can be observed with the distance

between two adjacent planes measured to be 0.485 nm, corre-

sponding to the inter-plane distance of (111) planes in the inverse

spinel structure.30 It is also observed that the carbon layer is

about 10 nm in thickness and the CdS nanoparticles (about 4–5

nm in size) are deposited on the surface of the amorphous

carbonaceous layer. The carbon layer with hydrophilic func-

tional groups is very helpful to facilitate the dispersion of the

nanostructures by preventing them from aggregation in aqueous

solutions. Meanwhile, the hydrophilic groups can serve as

anchors to immobilize Cd2+ ions on the carbon layer surface. In

addition, the carbonaceous layer can protect the Fe3O4 cores

from oxidation and/or erosion.

X-Ray photoelectron spectroscopy (XPS) has often been used

for the surface characterization of nanomaterials, and
Fig. 3 TEM images of the as-prepared 1D chain-like Fe3O4/C core–shell

nanostructures (a), and Fe3O4/C/CdS nanocomposites obtained with

different microwave irradiation durations of 5 min (b) and 20 min (c). (d)

HRTEM image of 1D chain-like Fe3O4/C/CdS nanostructures.

18362 | J. Mater. Chem., 2011, 21, 18359–18364
unambiguous compositional information can be readily obtained

for multi-element nanocomposites. To further analyze the 1D

chain-like Fe3O4/C/CdS nanocomposites, XPS (Fig. 4) was

employed to examine the composition of the Fe3O4/C/CdS

surface. It is clear from Fig. 4A that the elemental contents of the

surface are C, O, S, Fe and Cd. High-resolution spectra of Cd

and S are shown in Fig. 4B and C, respectively. The values of the

electron binding energy of Cd (3d5/2, 405.5 eV and 3d3/2,

412.2 eV) and S (2P, 162.0 eV) are in good agreement with the

literature values, indicating that the valence states of elements Cd

and S are +2 and �2, respectively. Fig. 4D shows the high-

resolution spectrum of Fe. The binding energy at 710.40 eV and

724.0 eV can be assigned to Fe 2p3/2 and Fe 2p1/2 respectively

confirming the Fe3O4 phase.
32

Fig. 5A displays the photodegradation behaviour of RhB dye

in the absence of any photocatalyst (that is, the blank test), and in

the presence of the as-prepared 1D chain-like Fe3O4/C and

Fe3O4/C/CdS nanocomposites after exposure to visible light

irradiation, where C is the concentration of RhB after different

light irradiation times and C0 is the concentration of RhB after

the adsorption/desorption equilibrium is reached but before

irradiation. The absorption spectra of the RhB solutions at

different exposure times in the presence of different samples are

shown in Fig. S1 (see ESI†). After visible light irradiation for

30 min, the decolorization fractions using different samples of

1D chain-like Fe3O4/C/CdS nanocomposites (S5, S10, S15, and

S20) as photocatalysts are about 76.2, 80.6, 87.6, and 94.7%

respectively, indicating excellent photocatalytic activity. The

presence of uniformly deposited CdS nanoparticles and good

dispersion of the magnetic nanocomposites in an aqueous solu-

tion (because of the hydrophilic surface nature) allow more

reactive sites for adsorption and degradation of RhB. This might

be the reason for the excellent photocatalytic activity observed.

The CdS surface sensitizer on carbonaceous species is suggested

to be the origin of its visible light photocatalytic activity and the

hydroxyl groups on the amorphous carbon surfaces may accept
Fig. 4 XPS spectra of as-prepared 1D chain-like Fe3O4/C/CdS nano-

composites: (A) survey spectrum, (B) Cd (3d) binding energy spectrum,

(C) S (2p) binding energy spectrum, and (D) Fe (2p) binding energy

spectrum.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 (A) Photocatalytic degradation of RhB in the absence of any photocatalyst (the blank test) and in the presence of different samples: (a) S0, (b) S5,

(c) S10, (d) S15 and (e) S20. The inset is a photograph of the magnetic composite under an external magnetic field. (B) 16 cycles of the degradation of

RhB using sample S20 as the photocatalyst under visible light irradiation for 30 min.
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photogenerated holes to prevent electron–hole recombination.8

In addition, these 1D nanostructures possess several advanta-

geous features, such as a very high surface-to-volume ratio,

enhanced light scattering and absorption, rapid transport of free

electron along the long axis and efficient electron–hole utilization

(high quantum efficiency), which all contribute to the signifi-

cantly enhanced catalytic efficiency.33 Thus, the photocatalytic

efficiency of 1D chain-like Fe3O4/C/CdS nanocomposites is

significantly higher than that of C/CdS hybrid spheres reported

previously.8 As expected, the photocatalytic activity is enhanced

steadily with increasing amount of CdS deposited. It is perhaps

worth mentioning that in a control experiment, the 1D chain-like

Fe3O4/C without CdS also causes a small reduction in the RhB

concentration (about 25%). This indicates that the Fe3O4/C

composite also exhibits some photocatalytic activity. Also shown

in Fig. 5A, RhB is hardly degraded under visible light irradiation

in the absence of a photocatalyst (the blank test). Thus, it can be

concluded that CdS nanoparticles play the key role in the pho-

tocatalytic process.

The reusability of the 1D chain-like Fe3O4/C/CdS nano-

composites as photocatalysts is also investigated by collecting

and reusing the same photocatalyst for multiple cycles. As shown

in Fig. 5B, when the sample S20 is used for the reusability test,

the photocatalytic activity does not show significant loss up to 12

cycles of photodegradation of RhB, indicating the excellent

stability. Furthermore, the magnetic photocatalysts are also

favorable because of the great ease in separation from the reac-

tion solution by a magnet after each degradation. Thus, the

results suggest that the magnetic nanocomposites are stable and

invulnerable to erosion or photo-corrosion during the photo-

catalytic degradation of organic species, which is of great

importance for real applications. After around 12 cycles, one can

start to observe substantial drop in photocatalytic activity of the

photocatalyst, while ruling out the possibility due to the mass

loss of photocatalyst (incomplete re-collection and loss during

washing). It is therefore important to develop ways to further

improve the stability of photocatalysts in future.

4. Conclusions

In summary, we report a novel strategy to synthesize functional

1D pearl chain-like Fe3O4/C/CdS coaxial nanostructures by

combining the magnetic field-induced assembly and microwave-

assisted deposition. These magnetic nanocomposites exhibit
This journal is ª The Royal Society of Chemistry 2011
excellent photocatalytic activity for the degradation of RhB dye

under visible-light irradiation. More importantly, these photo-

catalysts are very stable and hence suitable for repeated use.

Therefore, these 1D chain-like magnetic nanocomposites may be

applied as a promising photocatalyst for treatment of wastewater

containing organic pollutants. It is also believed that the

synthesis method reported here can be easily extended to prepare

a wide variety of functional 1D chain-like magnetic

nanocomposites.
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