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Synthesis of urchin-like Fe3O4@SiO2@ZnO/CdS
core–shell microspheres for the repeated
photocatalytic degradation of rhodamine B under
visible light†

Jinghai Yang,*a Jian Wang,abc Xiuyan Li,*a Dandan Wangabc and Hang Songbc

Herein, we developed the design and synthesis of urchin-like Fe3O4@SiO2@ZnO/CdS core–shell micro-

spheres, in which the multiple functional components were integrated successfully into a single micro-

composite. The morphology, composition, and optical and magnetic properties of those core–shell micro-

spheres were characterized by various analytical techniques. Photocatalytic performances were evaluated

by the photocatalytic elimination of rhodamine B (RhB) under visible light irradiation. Compared with the

Fe3O4@SiO2@ZnO microspheres, the Fe3O4@SiO2@ZnO/CdS microspheres show remarkably enhanced

visible light photocatalytic activity, benefiting from the sensitization of CdS, which can extend the visible

light absorption and facilitate the separation of photoinduced carriers. The amount of CdS in the core–shell

microspheres can be controlled by adjusting the SILAR cycles. The effect of the CdS loading amount on

the photocatalytic activity was also investigated and the results indicate that Fe3O4@SiO2@ZnO/CdS with

10.1 wt% CdS exhibits the best photocatalytic ability. Furthermore, it is worth noting that these

multifunctional microspheres exhibit excellent magnetic response and high stability. The core–shell photo-

catalysts can also maintain high photocatalytic activity even after running for five cycles.

1. Introduction

In recent years, the construction of materials with well-
designed morphology and multiple functions has attracted
tremendous attention.1,2 Especially in the field of
semiconductor-based photocatalysis for water purification,
photocatalytic abilities are significantly affected by the coop-
eration effect of different components.2–4 The selection of the
right photocatalytic materials and taking full advantage of
their potential becomes particularly important.

Semiconductor-based photocatalysts such as TiO2, SnO2,
ZnO, and WO3 have attracted intense interest owing to their
important applications in solving the worldwide environmen-
tal pollution.5–8 Among various semiconductor-based photo-
catalysts, ZnO, with a direct bandgap of 3.37 eV and an exci-
ton binding energy of 60 meV, has received considerable

attention due to its high catalytic activity, low toxicity, low
cost, and abundant morphologies, and the quantum effi-
ciency of ZnO powder is also significantly larger than that of
TiO2 powder.

9–17 However, the practical application of ZnO in
photocatalysis is still restricted by some disadvantageous is-
sues: the fast recombination rate of photoinduced electron–
hole pairs, and its wide bandgap responding only to UV
light.9

To address the above problems, various strategies have
been employed such as metal ion doping, sensitization by no-
ble metal nanoparticles, and combining with smaller band-
gap semiconductors.18–25 Among the above strategies, doping
with various metal ions can extend the optical absorption
range of photocatalysts according to some research.26 Unfor-
tunately, the doping component always induces structural de-
fects, which play the role of recombination centers and de-
crease the photocatalytic efficiency.27 As an alternative
strategy, sensitization by noble metal nanoparticles has be-
came an effective method to extend the spectral responsive
range and facilitate charge separation in the materials.28 But
the high costs of noble metals restrict their application in
large-scale waste water treatment. One of the viable methods
is incorporating small band-gap semiconductors with
ZnO.29–31 Among the small band-gap semiconductors, CdS is
an excellent candidate because of its low cost, suitable band
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gap (2.4 eV) and band-edge levels that are capable of driving
both the reduction and oxidation of water under visible light
irradiation.8,30,32 It not only enhances light harvesting but
also reduces the recombination of the photogenerated
charges.30,32,33 To date, there have been many studies that
have revealed that ZnO/CdS composites could show remark-
ably enhanced photostability and photocatalytic activities
than either individual component.30–35

However, on the basis of practicality, one of the major
problems that restrains the application of nano- or micro-
sized photocatalysts in waste water treatment is the difficulty
to separate these photocatalysts after the purifying reaction,
which can possibly cause a new type of pollution.36,37 Con-
ventional separation methods, including centrifugation and
filtration, always lead to serious loss of the catalyst, as well as
high energy consumption.5,37 In addition, centrifugation re-
quires large amounts of energy, which may lead to secondary
pollution.38,39 Photocatalysts fixed on thin films facilitate sep-
aration and reuse, but they will remarkably reduce the photo-
catalytic efficiency because of the significantly decreased ac-
tive surface area. Therefore, it is still a challenge to design a
multi-functional photocatalytic system that is both highly
photoactive and cost-effective to recycle.39 In recent years, in-
corporating catalysts onto magnetic nano- or microparticles
has been employed to settle the above issue, as the catalysts
can be removed by an external magnet easily under the pre-
mise of maintaining photocatalytic activity.5,37,39–41 Iron oxides
(such as Fe3O4 and γ-Fe2O3) have long been of interest for use
in composite materials because of their non-toxicity and highly
sensitive magnetic response.42,43 For example, Feng et al.
employed a chemical co-precipitation method and dehydrating
method to synthesize Fe3O4–ZnO hybrid nanoparticles.44

In addition, a silica barrier layer always been introduced to
prevent the magnetic cores from oxidation and inhibit the mi-
gration of photoinduced carriers from the semiconductor photo-
catalyst to the magnetic core, which would reduce the photo-
catalytic efficiency of the photocatalyst. For example, Abramson
et al. employed sol–gel methods to synthesize γ-Fe2O3/SiO2/TiO2

nanocomposites.45 Bian et al. used a series of chemical routes to
fabricate ZnO–Fe3O4@SiO2 nanocomposites.46

In this study, we developed a novel method to synthesize
urchin-like magnetic ZnO/CdS integrated microspheres using
Fe3O4 as the inside cores. An inert interlayer of silica was in-
troduced to connect these functional materials and inhibit
the migration of photoinduced carriers from the semiconduc-
tor photocatalyst to the magnetic core. The final
Fe3O4@SiO2@ZnO/CdS core–shell microstructures showed ex-
cellent photocatalytic degradation performance towards RhB
under visible light irradiation and could be recycled easily
using an external magnetic field.

2. Experiments
2.1. Materials and reagents

All the chemicals used in this experiment were all analytically
pure and were used without further treatment. Deionized

water (resistivity >18.0 MΩ cm) was used throughout the
experiment.

2.2. Synthesis

The entire synthesis process for the Fe3O4@SiO2@ZnO/CdS
microspheres is illustrated in Fig. 1 and detailed information
for each growth step is present below.

Fe3O4: Fe3O4 magnetic spheres were fabricated using a
modified solvothermal reaction according to a previous
study.47 Briefly, FeCl3·6H2O (2.777 g) was dissolved in ethyl-
ene glycol (60 mL) by stirring to form a clear yellow solution.
Sodium acetate (4.629 g) and sodium citrate (0.643 g) were
then added under vigorous stirring. Subsequently, the
obtained yellow solution was transferred into a teflon-lined
stainless-steel autoclave (80 mL capacity) and maintained at
200 °C for 12 h, and then cooled to room temperature. The
black products were washed with ethanol and deionized wa-
ter four times and then dried under vacuum at 60 °C for 6 h.
The obtained Fe3O4 magnetic spheres were denoted as F in
the following.

Fe3O4@SiO2: Fe3O4@SiO2 microspheres could be prepared
by a modified Stöber method.48 Typically, F (1.0 g), synthe-
sized above, was redispersed into a mixture of concentrated
ammonia solution (13.4 mL, 25 wt%), ethanol (400.0 mL)
and deionized water (100 mL) under sonication and mechani-
cal stirring for 0.5 h. After adding tetraethyl orthosilicate (3.5
mL) dropwise, the mixture was mechanically stirred at room
temperature for 4 h. Finally, the Fe3O4@SiO2 microspheres
were separated and washed four times with ethanol and de-
ionized water with the assistance of a magnet, and then dried
under vacuum at 60 °C for 6 h. The prepared Fe3O4@SiO2

core–shell microstructures were named FS for short.
Fe3O4@SiO2@ZnO: ZnO nanorods on FS microspheres

were synthesized by a two-step method according to a

Fig. 1 The synthetic strategy for Fe3O4@SiO2@ZnO/CdS core–shell
microspheres.
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previous report.46 (1) Firstly, ZnO nanoparticles were loaded
on the surface of the FS microspheres as seeds for the follow-
ing ZnO nanorods growth, by adding a mixture of ethanol
(65 mL) and NaOH (0.3 g) into another solution consisting of
ethanol (160 ml), ZnAc2·2H2O (0.54 g) and the Fe3O4@SiO2

(1.8 g) microspheres. Then, the above reaction system was
maintained at 60 °C with mechanical stirring and sonication
for 40 min. (2) The seeded FS microspheres, ZnĲNO3)2·6H2O
(1.3 g), and polyvinylpyrrolidone (1.3 g) were added to
200 mL of deionized water and mechanically stirred for 0.5 h
to obtain a dispersed solution. Then, a solution consisting of
0.642 g of hexamethylenetetramine in 200 mL of deionized
water was added dropwise to the above mixture solution un-
der mechanical stirring. The solution was heated in a micro-
wave oven for 15 min at a power setting of 550 W. (3) Finally,
the Fe3O4@SiO2@ZnO microspheres were separated, and
washed four times with ethanol and deionized water with the
assistance of a magnet, and then vacuum dried at 60 °C for
6 h. The as-synthesized Fe3O4@SiO2@ZnO core–shell micro-
spheres were labeled as FSZ.

Fe3O4@SiO2@ZnO/CdS: CdS nanoparticles were deposited
on the surface of the ZnO nanorods through a modified suc-
cessive ionic layer adsorption and reaction (SILAR) method.
Briefly, the samples of FSZ microspheres were successively
dipped in two different aqueous solutions for 2 min. One
consisted of Cd2+ cations (0.1 M CdĲNO3)2) and the other
contained S2− anions (0.1 M Na2S). Between each immersion
step, the samples were washed with deionized water to re-
move excess ions that were weakly bound to the sample sur-
faces. The two-step dipping procedure was denoted as one
SILAR cycle. Finally, the Fe3O4@SiO2@ZnO/CdS microspheres
were separated and washed four times with ethanol and de-
ionized water with the assistance of a magnet, and then vac-
uum dried at 60 °C for 6 h. The obtained samples in this step
were denoted as FSZCX, where X referred to the number of
SILAR cycles.

2.3. Characterization

A field emission scanning electron microscope (FESEM, JEOL
7800F) and a transmission electron microscope (TEM, FEI
Tenai G2 F20) were used to characterize the morphologies of
all the synthesized samples. Powder X-ray diffraction (XRD)
patterns were recorded on a D/max-2500 copper rotating-
anode X-ray diffractometer with Cu Kα radiation of wave-
length λ = 1.5406 Å (40 kV, 200 mA). The binding energies of
the elements in the synthesized samples were performed by
X-ray photoelectron spectroscopy (XPS) using a Thermo Sci-
entific ESCALAB 250Xi A1440 system. BET surface areas of
the photocatalysts were measured by N2 adsorption at −196
°C on a nitrogen adsorption apparatus (AUTOSORB-IQ,
Quantachrome Instruments, USA). UV-vis diffuse reflectance
spectra (DRS) were obtained on a SHIMADZU-UV-3600
spectrophotometer. The photoluminescence (PL) analysis was
carried out on a Renishaw inVia micro-PL spectrometer at
room temperature (λex = 325 nm, He–Cd laser). The magnetic

behavior was investigated on a vibrating sample magnetome-
ter (Lake Shore 7407) with an applied field between −14 500
and 14 500 Oe.

2.4. Photocatalysis

RhB was chosen as a model organic pollutant to evaluate the
photocatalytic activity of the as-prepared core–shell struc-
tured catalysts. Photocatalytic experiments were carried out
by using homemade equipment, in which a 250 W Xe lamp
equipped with a 420 nm cut-off filter was used to provide the
visible light. The distance between the beaker containing the
reaction mixture and the light source was fixed at 25 cm. For
each photodegradation test, the photocatalyst (60 mg) was
added into 60 mL of RhB aqueous solution (7 mg L−1) in a
250 mL beaker. Prior to visible light irradiation, the reaction
mixture was mechanically stirred for 15 min in the dark to
ensure the adsorption–desorption equilibrium for RhB. Then
the reaction mixture was exposed to visible radiation. At a
fixed time interval, 3 mL of the suspension was sampled, and
magnetically separated to remove the catalyst. Subsequently,
the absorbance of RhB solution was recorded using a UV-vis
spectrophotometer (UV-5800PC, Shanghai Metash Instru-
ments Co., Ltd) at 555 nm, which is the maximum absorp-
tion wavelength of RhB. The progress of photocatalytic degra-
dation of RhB in aqueous solution was calculated using the
equation: C/C0 = A/A0, where C0 and C are the initial and real-
time concentrations of RhB, and A0 and A represent the ini-
tial and real-time absorbances of RhB.

3. Results and discussion
3.1. Characterization of FSZC

At first, to determine the crystallographic structure and phase
purity of the samples, the XRD patterns are presented in
Fig. 2. All of the characteristic peaks in Fig. 2a can be
assigned to the crystal planes of face-centered cubic

Fig. 2 XRD patterns of the as-prepared samples: (a) F, (b) FS, (c) ZnO
seeded FS, (d) FSZ, (e) FSZC8.
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structured magnetite Fe3O4 (JCPDS no. 19-0629). No impurity
peaks are observed. Compared with Fig. 2a, the coating of
the SiO2 layer brings only a small change to the XRD pattern
of FS (Fig. 2b). A broad peak detected at about 22° indicates
the existence of amorphous SiO2. After the coating of ZnO
seeds on the surface of the FS microspheres, a very tiny peak
appears at 31.77° in Fig. 2c, which can be indexed to the
(100) crystal plane of hexagonal ZnO (JCPDS no. 36-1451). Ob-
viously, additional diffraction peaks are observed in Fig. 2d
after the ZnO rod growth process. Those peaks can also be
indexed to the hexagonal ZnO structure. Compared with
Fig. 2d, besides the characteristic diffraction of Fe3O4 and
ZnO, a new diffraction peak at about 27.17° in Fig. 2e can be
assigned to the (111) crystal plane of cubic phase CdS (JCPDS
no. 10-0454), indicating the successful loading of CdS in the
product.

To study the morphologies and structure of the obtained
samples, FESEM and TEM measurements were carried out,
and the images are presented in Fig. 3 and 4. As shown in
Fig. 3a and b, the as-prepared F magnetic cores and FS
microspheres exhibit regular spherical shapes, with average
diameters of ∼390 nm and ∼570 nm, respectively. The corre-
sponding TEM image of the F microspheres given in Fig. 4a
further supported the FESEM (Fig. 3a) results. Judging from
the TEM image of Fig. 4b, after applying a modified Stöber
method, the F magnetic cores are coated with a silica shell
with an average thickness of ∼90 nm. It is observed from
Fig. 3c and 4c that the surfaces of the microspheres become
rough after the coating of ZnO seeds. After the ZnO nanorod
growth process, urchin-like FSZ core–shell microspheres were
formed. The ZnO nanorods were uniformly distributed
around the surface of the core–shell microstructures, as
shown in Fig. 3d. Combined with the TEM image in Fig. 4d,
it can be determined that the average length and diameter of
the ZnO rods are ∼240 nm and ∼65 nm, respectively. Finally,
CdS nanoparticles were loaded on the multiple-layer micro-
spheres by a SILAR method. It is obvious from Fig. 3e and 4e
that small particles are deposited on the surface of ZnO
nanorods, making the surfaces of the nanorods much
rougher. The HRTEM image of the selected area in Fig. 4e is
given in Fig. 4f. There are two different lattice fringes that ap-
pear in the HRTEM image. One fringe distance is 0.336 nm,
which can be assigned to the lattice fringes of the (111) plane
of cubic phase CdS. Another fringe distance is about 0.279
nm, which is indexed to the (110) plane of the hexagonal
crystal structure of ZnO. This indicates that a ZnO/CdS
heterostructure formed on the surface of the core–shell
microspheres.

In order to further confirm the spatial distribution of each
element in the as-prepared core–shell microstructures
(FSZC8), electron mapping images of a single microsphere
are shown in Fig. 5. Obviously different distribution patterns
of Fe, Si, Zn, O, Cd and S elements are observed: the Fe sig-
nal is located in the center of the microsphere; and gradually
surrounded by Si, Zn, O, Cd and S signals. This indicates that
the orderly arrangement of the core/shell structure is the

Fe3O4 core, a SiO2 interlayer, and a ZnO–CdS shell, which
confirms the formation of FSZC core–shell microstructures.

In order to study the surface composition and elemental
chemical status of the synthesized core–shell samples, FSZ
and FSZC8 were investigated by XPS analysis. Fig. 6a shows
the fully scanned spectra of the two samples from 0 to 1350 eV.
The characteristic peaks on the curve of the FSZ core–shell
microspheres in Fig. 6a-I can be indexed to C, Si, Zn, and O
elements. After the incorporation of CdS, characteristic peaks
for Cd and S can be found on the curve of FSZC8 as shown in
Fig. 6a-II. The presence of the C element in both curves
depicted in Fig. 6a is mainly attributed to adventitious hydro-
carbon contaminants that commonly exist in XPS.49,50 The
peaks of Si 2p, Zn 2p, and O 1s appear in the curves of
Fig. 6a-I and Fig. 6a-II, which indicate that FSZ and FSZC8

both contained SiO2 and ZnO. It is worthy of note that there

Fig. 3 FESEM images of the as-prepared samples: (a) F, (b) FS, (c) ZnO
seeded FS, (d) FSZ, (e) FSZC8.
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is no signal for the Fe element on the curves for both micro-
spheres. That is because XPS is a highly surface-specific tech-
nique and the elements can be detected when the depth is
less than 10 nm.49,51 This is powerful evidence to prove that
the F cores are tightly wrapped in the center of the micro-
spheres. Based on this fact, it can also be explained why the
intensity of the Zn 2p signal is weaker after the loading of
CdS nanoparticles on the surface of ZnO, as shown in
Fig. 6b. The high resolution XPS spectra of Zn 2p, O 1s, Cd
3d and S 2p are shown in Fig. 6b–e. It can be seen from
Fig. 6b that the positions of Zn 2p1/2 and Zn 2p3/2 at 1043.7
and 1020.4 eV, with a spin orbit separation of 23.3 eV, indi-
cate that the Zn element existed mainly in the form of Zn2+

of ZnO in both core–shell samples.29,52,53 The O 1s peak in
Fig. 6c could be further divided into two different peaks, P1
and P2, with binding energies at 531.9 and 530.8 eV, which
could be ascribed to the Zn–O in ZnO and hydroxyl groups,
respectively.29,52,53 Furthermore, the high-resolution XPS
spectrum of Cd (Fig. 6d) displays the binding energies of Cd
3d3/2 and Cd 3d5/2 peaks at 410.4 and 403.8 eV with a split-
ting energy of 6.6 eV, which are attributed to Cd2+ in
CdS.29,51–54 The signal of S in Fig. 6e includes two individual
peaks S 2p3/2 and S 2p1/2 at 160.2 eV and 161.3 eV with a

splitting energy of 0.9 eV, indicating that the valence state of
the element S is −2.29,52–54

3.2. Characterization of FSZCX

Fig. 7 displays the morphologies of FSZCX microspheres with
increased CdS loading. Obviously, the surface of ZnO rods be-
comes rougher and rougher because more and more CdS
nanoparticles were deposited. Those CdS nanoparticles aggre-
gate together after 10 SILAR cycles. Corresponding XRD pat-
terns of the FSZCX microspheres with different CdS deposi-
tion cycles are shown in Fig. 8 to further confirm the
changing of the CdS loading amount on the FSZCX micro-
spheres. The diffraction peaks of CdS increase with the in-
crease in the number of SILAR cycles, indicating the change

Fig. 4 TEM images of the as-prepared samples: (a) F, (b) FS, (c) ZnO
seeded FS, (d) FSZ, (e) FSZC8, (f) HRTEM image for the selected area
in (e).

Fig. 5 (a and b) Typical HAADF and TEM image of a single FSZC8

microsphere, (c–h) elemental mapping of a single FSZC8 microsphere
from TEM images based on Fe, Si, Zn, O, Cd and S.
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of the CdS loading amount in the FSZCX microspheres. Fur-
thermore, as shown in Fig. S1,† EDS analysis was carried out
to determine the CdS loading amount in each FSZCX product.
The weight ratio of CdS in the FSZCX products was calculated
and the results are given in Table S1.† The results of the EDS
analysis indicate that the CdS loading amount increased
from 2.6 wt% to 13.9 wt% when the number of SILAR cycles
increased from 2 cycles to 10 cycles.

Nitrogen adsorption–desorption isotherms were recorded
to evaluate the effect of the CdS loading amount on the spe-
cific surface areas of the FSZCX products. As shown in Fig. 9,
all products show similar type isotherms. The specific surface
area of FSZ was calculated using the BET equation and it was
found to be 15.57 m2 g−1. The increase in the CdS loading
amount results in variation of the specific surface area as
follows: 18.73 m2 g−1 (FSZC2), 20.07 m2 g−1 (FSZC4), 21.75
m2 g−1 (FSZC6), 23.24 m2 g−1 (FSZC8) and 23.41 m2 g−1

(FSZC10). The specific surface areas of the as-prepared sam-
ples increase with the CdS loading amount. Only a slight in-
crease in the specific surface area is observed when the CdS
amount increases from 10.1 wt% to 13.9 wt%. This is because
the CdS nanoparticles aggregate together when the CdS load-
ing amount is too large.

3.3. Optical properties of the as-prepared microspheres

The light harvesting abilities of the products are related
closely to their photocatalytic activities.30,55 To compare the

optical absorption properties of the as-prepared products,
UV-vis diffuse reflectance spectra of the as-prepared samples
were measured and the results are shown in Fig. 10. The ab-
sorption spectrum of FSZ has an absorption edge at about

Fig. 6 XPS fully scanned spectra (a) and XPS spectra of Zn 2p (b), O 1s
(c), Cd 3d (d), S 2p (e) for FSZ (black lines) and FSZC8 (red lines).

Fig. 7 FESEM images of FSZCX with different CdS deposition cycles.
(a) FSZC2, (b) FSZC4, (c) FSZC6, (d) FSZC10.

Fig. 8 XRD patterns of FSZCX microspheres with different CdS
deposition cycles. (a) FSZC2, (b) FSZC4, (c) FSZC6, (d) FSZC8, (e) FSZC10.
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400 nm (estimated by the curve tangent) which corresponds
to the band-edge absorption of ZnO.55 In comparison with
FSZ, the FSZCX core–shell microstructures clearly show an
added broad and strong absorption in the visible light range.
This added absorption from 400 to 550 nm results from CdS
loading, which coincides with the literature.54,56 In addition,
the absorption of FSZCX in the visible region becomes stron-
ger upon increasing the CdS amount in the ZnO surface, by
and large. However, the optical absorption decreases when
the CdS loading amount increases from 10.1 wt% to
13.9 wt%. This result might be ascribed to the aggregation of
CdS on the ZnO surface when the CdS loading amount is too
large.56

PL emission spectroscopy is able to reflect the efficiency
of the charge carrier transfer and trapping of semiconductor
photocatalysts due to PL signals arising from the recombina-
tion of photogenerated charge carriers.50,57–59 Therefore, the
PL spectra of the as-prepared core–shell products were inves-
tigated and the results are shown in Fig. 11. The UV emission
centre at about 380 nm can be assigned to the near-band-
edge emission of ZnO, and the PL intensity for FSZCX

decreases compared to FSZ.31 Weaker PL emissions com-
monly suggest lower recombination rates of photoinduced
carriers.43,60 Firstly, this might result from the loading of CdS
nanoparticles reducing the effective area for light absorption
of ZnO. Secondly, direct Z-scheme interface photoinduced
electron transfer should be responsible for the quenching of
PL emission.9 It can be concluded that the quenching effect
is in line with the increment of the CdS loading amount, by
and large. However, this trend is not followed for FSZC10.
The quenching effect shows the order FSZC8 > FSZC10 >

FSZC6 > FSZC4 > FSZC2. Among all the samples, the inten-
sity of UV emission is the weakest for FSZC8, demonstrating
that FSZC8 possesses the most efficient charge separation.

3.4. Photocatalytic properties of the as-prepared
microspheres

Photodegradation of RhB under visible light irradiation was
chosen as a model reaction to assess the photocatalytic activi-
ties of the different samples. The photocatalytic results are
plotted in Fig. 12. The photodegradation of RhB without any
catalyst was also carried out as a blank test. It is observed
from Fig. 12a that in the absence of CdS, FS and FSZ are inert
for RhB elimination under visible illumination. After the
loading of CdS, the FSZCX microspheres exhibit obviously en-
hanced photocatalytic performance. It can be noted that the
photocatalytic efficiency of FSZCX initially increases gradually
with the CdS loading amount. However, the photoactivity for
FSZCX decreases upon further increasing the CdS loading
amount. The optimum CdS loading amount is 10.1 wt% and
FSZC8 shows the highest degradation rate of about 97% at
180 min among all the core–shell microspheres. Hence the
photoactivity of all samples determined in the photocatalytic
tests follow the order FSZC8 > FSZC10 > FSZC6 > FSZC4 >

FSZC2 > FSZ > FS. The first order kinetic equation lnĲC0/C) =
kt is also used to fit the experimental data in Fig. 12b, where
k is the apparent rate constant. The k value for FSZC8

obtained from Fig. 12b is 0.0213 min−1 is the biggest in all
core–shell samples, indicating the best photocatalytic activity.

Fig. 9 N2 sorption isotherms and BET special surface (the inset image)
of the as-prepared FSZCX samples.

Fig. 10 UV-vis absorption spectra of the as-prepared FSZCX samples.

Fig. 11 PL spectra of the as-prepared FSZCX samples.

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 1
5 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 0

2/
07

/2
01

7 
09

:4
8:

45
. 

View Article Online

http://dx.doi.org/10.1039/c5cy02090e


4532 | Catal. Sci. Technol., 2016, 6, 4525–4534 This journal is © The Royal Society of Chemistry 2016

Based on the above photocatalytic results, two questions
need to be explored in detail. The first question is why all the
as-synthesized FSZCX samples with CdS coatings show en-
hanced photocatalytic performance compared to FSZ core–
shell microspheres. Possible photocatalytic mechanisms are
proposed as follows. This can be attributed to the cooperative
effect between CdS and ZnO, which is depicted in Fig. 13.
Upon visible illumination (λ > 420 nm), the electrons on the
valence band of CdS (VBCdS) can be excited to the conduction
band (CBCdS), leaving holes in the VBCdS. These CBCdS

electrons migrate into the CBZnO to reduce the recombination
rate of the photogenerated carriers. Then, various photocata-
lytic active species such as OH and O2

−, arising from reac-
tions between the photogenerated carriers and OH− or O2 or
H2O in the surroundings of the core–shell photocatalysts,
concurrently oxidize the organic pollutants to CO2 and H2O,
thus improving the photocatalytic performances of the core–
shell photocatalysts. In addition, the CdS coating lead to a
higher BET specific surface, which provides a greater chance
for contact between the photocatalyst and the contaminant.
The loading of CdS can also expand the absorbance spectrum
to the visible range, facilitating the usage of solar light, as re-
vealed by the UV-vis DRS analysis.

The second question is why FSZC8 shows the best photo-
catalytic activity among all the as-synthesized FSZCX samples.
The weaker photocatalytic efficiency of the other FSZCX

microspheres can be detailed as follows. When the CdS
amount is small, though the dispersion and contact between
CdS and ZnO can be better, the amount of photoactive mate-
rial (here, CdS) is less, and hence the photocatalytic activity
will be poor. When overloading too much CdS on the ZnO
surface, an aggregation effect can appear. Such aggregation
will inhibit the physical contact between CdS and ZnO, that
can result in low efficiency for the photoinduced charge
transfer to decrease the photocatalytic reaction. This indi-
cates that utilising a proper amount of CdS is an important
factor in determining the photocatalytic efficiency.

3.5. Magnetic properties and reusability of samples

To investigate the separation of the as-prepared samples, the
magnetic properties was characterized by VSM at 300 K, and
field-dependent magnetization curves of F, FS, FSZ and FSZC8

are shown in Fig. 14a. No obvious remanence or coercivity is
observed in all the magnetization curve patterns, which indi-
cates that all the samples are superparamagnetic. The mag-
netization saturation value (Ms) of the Fe3O4 core were first
measured, and the value is 43.39 emu g−1. After the coating
of a SiO2 interlayer, the Ms value of the FS microspheres de-
creases to 31.64 emu g−1. Then, after the growth of ZnO
nanorods and the loading of CdS nanoparticles, their Ms

values are reduced further to 20.63 and 18.97 emu g−1, re-
spectively. However, the final Ms value of the FSZC8 micro-
spheres is sufficiently high for efficient separation and recov-
ery. As shown in the inset image in Fig. 14a, the FSZC8

microspheres can be enriched in 20 s upon the application of
an outer magnetic field. Once the magnet was withdrawn,
the magnetic particles could be redispersed into the solution
again by slightly shaking.

To study the reusability of the FSZCX core–shell photo-
catalyst, cycling photocatalytic experiments were carried out
over five cycles under visible light, applying a magnet to re-
move the photocatalysts from solution after each cycle. As
shown in Fig. 14b, no obvious decrease in the photocatalytic
efficiency of the FSZC8 photocatalyst was observed, even after
five circles. In addition, to study the photostability of ZnO,

Fig. 12 (a) Photocatalytic decomposition activities during
photocatalytic degradation of RhB solutions with various catalysts; (b)
the relationship curves of lnĲC0/C) versus reaction time for the
different photocatalysts.

Fig. 13 Schematic energy structure between ZnO and CdS in the
FSZCX composites.
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XRD patterns and SEM images of FSZC8 before and after RhB
discoloration are given in Fig. S2.† According to Fig. S2,†
there is no obvious change before and after RhB discolor-
ation. This suggests these core–shell FSZCX microspheres
have excellent stability and can serve as reusable photo-
catalysts for environmental treatment.

4. Conclusions

In summary, urchin-like magnetically retrievable Fe3-
O4@SiO2@ZnO/CdS (FSZC) core–shell photocatalysts with vis-
ible light photocatalytic performance were synthesized suc-
cessfully. The multilayer structural design contains a highly
sensitive magnetic core for convenient magnetic separation,
an inert SiO2 interlayer to protect the Fe3O4 core from chemi-
cal corrosion and inhibit the migration of photoinduced car-
riers between ZnO and the Fe3O4 core, and a ZnO shell with
CdS nanoparticles incorporated on the surface for enhanced
photocatalytic activity. The CdS loading amount in the FSZCX

core–shell microspheres can be controlled easily by changing
the number of SILAR cycles. Among all the FSZCX products
with different CdS loading amounts, the FSZC8 core–shell

photocatalyst can eliminate 97% of RhB in aqueous solution
under visible light. The cooperation of CdS and ZnO plays a
key role in enabling FSZC to act as a visible light photo-
catalyst, facilitating the separation of photogenerated car-
riers. Coating too much or not enough CdS will hinder the
electron–hole separation efficiency, and hence decrease the
photocatalytic activity. Besides the excellent photocatalytic ac-
tivity, the easy recyclability and stability of the photocatalysts
are other important advantages. Those core–shell photo-
catalysts can be removed easily by applying a magnet and
there is no obvious decrease in the photocatalytic efficiency
even after five cycles. Due to their easy magnetic separation,
excellent visible light photocatalytic activity for elimination of
organic contaminants, as well as their good chemical stabil-
ity, FSZC core–shell photocatalysts can be potentially applied
in practical water purification.
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