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Abstract
The Fe3O4/SiO2/ZnO cubes were synthesized with core/shell/shell nanostructure through layer-by-layer chemical technique. At
first, the Fe3O4 cubic powder was synthesized by the carbon reduction method. In the next step, the SiO2 shell was produced on
Fe3O4 cube particles. Then a layer of ZnO was coated using zinc nitrate hexa-hydrate precursor by co-precipitation route. The
Fe3O4/SiO2/ZnO cubes were characterized by XRD, FESEM fitted with EDX, FT-IR, and TEM. Magnetic properties of the
prepared composite were studied by VSM. The results indicated that magnetite particles have been successfully coated. The
saturation magnetization of the prepared Fe3O4 powder and Fe3O4/SiO2 and Fe3O4/SiO2/ZnO composites were 80, 66, and
48.8 emu/g, respectively. The results showed that the change in surface to volume ratio was effective in photo-catalyst properties
of cubes. Also, the synthesized composite showed good photo-degradation ability on the removal of methylene blue (MB). The
photo-degradation of methylene blue dye was about 55% in the presence of Fe3O4/SiO2/ZnO cubes under UV irradiation time of
90 min. Four consecutive cycles of MB dye degradation were obtained using Fe3O4/SiO2/ZnO composites. Fe3O4/SiO2/ZnO
composite could be recovered using a strong magnetic field and the photo-catalyst particles could be re-used.
Keywords Core-shell . Nanostructure . Zinc oxide . Photo-catalyst activity, methylene blue (MB), Fe3O4 cubes

Introduction
Contaminated waters, especially waters containing organic
pollutants, are seriously worrying due to industrialization
and rapid economic developments [1, 2]. Discharge of contaminated waters into the environment not only endangers
people’s health but it is also harmful for nature biological
system [3]. Synthesized dyes are applied in plastic, textile
industry, cosmetics …, etc. 15–20% of used dyes in these
industries are entered to sewage [4]. The colors are aromatic
compounds that absorb light at wavelengths of 700, 350 nm.
Discharge of colorful wastewaters in the environment due to
reduced light penetration causes eutrophication phenomenon,
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dysfunction in photosynthesis of aquatic plants, and increasing the suspended material [5–7]. Methylene blue as the aromatic chemical color is carcinogenic and toxic and is resistant
to biological degradation. Therefore, the water treatment process in recent years has been more studied. In order to treat
these pollutants, considerable efforts have been made.
Typically, photo-catalytic degradation is a common and effective method in removing organic pollutants [8, 9].
Furthermore, the zinc oxide is used in optical and electrical
components, chemical adsorption, gas sensors…, etc. It is also
used as a catalyst in photo-catalytic decomposition. In semiconductors irradiated with light with more energy than the
energy gap, electron and hole is produced. These charge carriers (electron and hole) with absorbed compounds on surface
of semiconductor can participate in oxidation and reduction
reactions or form radical groups. In addition, these radicals are
capable of producing oxides and can react with organic compounds including aromatic groups, halogenated hydrocarbon,
polyvalent metals, organic dyes, and even bacteria. Zinc oxide
is a semiconductor with broad band of 3.2 ev and UV light
absorber. Its high chemical stability, being non-toxic, highlight sensitivity and energy gap property caused the zinc oxide
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to have good catalytic property and high absorption. For this
reason, it has attracted much attention in the photo-catalytic
activities [10–12].
Easy separation of the particles from the aquatic environments is very important for photo-catalytic applications, on
the other hand, their separation and recovery requires advanced processes, which increases the cost. Furthermore,
there is also the possibility of secondary pollution. In order
to solve these problems, many attempts that have been made,
including fixed zinc oxide, have been used on zeolite and
organic fibers to isolate easier these particles from wastewaters. But their photo-catalytic property is reduced due to the
reduced contact surface area. In recent years, the core-shell
structure has attracted a lot of attention. The core-shell nanoparticles are useful materials, with good performance and improved properties [13, 14].
In recent years, the researchers decided to coat ZnO on
Fe3O4 particles, so by using an external magnetic field, it
could be easily separated from aqueous solutions. To prevent
the dissolution of nuclear phenomenon that is caused by exposure to UV light and reduces the photo-catalytic activity of
zinc oxide, presence of an inert silica layer between ZnO and
Fe3O4 particles is necessary, for these reason, ZnO layer was
coated on Fe3O4/SiO2 composite material [15–18]. In this
regard, Seong et al. and Wana et al. synthesized Fe3O4/ZnO
composite material [19, 20], and Wang et al. also studied
coating of SiO2, ZnO, and Ag particles on spherical particles
of Fe3O4 [18]. Pang et al. prepared soft magnetic nanocomposite photo-catalysts with core/shell/shell structure.
They used spherical particles of Fe3O4 to synthesize Fe3O4/
SiO2/TiO2 nano-composite using the sol-gel method. Their
studies have shown that photo-catalytic properties of synthesized nanoparticles have increased [21]. In another work, the
SrFe12O19/SiO2/TiO2 composite material was synthesized by
Bavarsiha et al. SrFe12O19 particles were selected as the hard
magnetic core [22]. Recently, Wang et al. [23] used Au particles to increase the photocatalytic efficiency of Fe3O4/SiO2/
ZnO composite, because Au particles simplify electron excitation of zinc oxide semiconductor by creating a local electrical field. They also examined the effect of increasing the
amount of Au nanoparticles on photo-catalyst properties. In
their other work, they produced Fe3O4/SiO2/ZnO/ZnSe photocatalytic composites [24]. Yang et al. [25] also synthesized
Fe3O4/SiO2/ZnO/CdS core/shell microspheres. CdS particles
increase light harvesting and decrease the recombination of
photogenerated charges.
However, efforts have always been considered to be
achieved ensuring uniformity, proper coating thickness, high
magnetic recovery, good dispersion in wastewater, cost reduction, and high photocatalytic efficiency of these photocatalytic
composites [18, 26–28]. It is known that the surface to volume
ratio of cube shape is characterized to be higher than other
shapes such as dodecahedron, sphere, octahedron, and

icosahedron. On the other hand, increasing the surface to volume ratio will improve catalytic activity [28, 29]. All of
Fe3O4/SiO2/ZnO nanostructure has been done on spherical
iron oxide particles. As far as authors know, the coating of
zinc oxide and silica shells on the cube shape of Fe3O4 particles under constant mechanical stirring has not been reported
up to now, however, synthesis of Fe3O4/TiO2 core/shell
nanocubes has been reported [28]. In this research, work synthesis and characterization of Fe3O4/SiO2/ZnO nanostructure
composite material on the cube shape of Fe3O4 particles has
been reported for the first time. In addition, the photo-catalytic
activity of Fe3O4/SiO2/ZnO core/shell/shell cubes, the degradation of methylene blue (MB) dye under UV illumination has
also been investigated.

Materials and methods
Materials
In this research project, Iron (III) chloride hexa-hydrate
(FeCl3· 6H2O, Merck>99%), dimethyl-form-amide (DMF,
Merck>99.8%), Zinc nitrate hexa-hydrate (ZnNO3 × 6H2O,
Merck>99%), absolute ethanol (C2H5OH, Merck, >99.9%),
degreased carbon cotton, ammonia solution (NH4OH, 25%),
sodium hydroxide (NaOH, Panreac Applichem>96%), tetraortho-silicate (TEOS, C8H20O4Si, Merck>99%), methylene
blue, and distilled water was used throughout the experiments.

Synthesis of Fe3O4 powder
The Fe3O4 magnetic powders were synthesized with the carbon reduction method [30]. A solution containing FeCl3·
6H2O (80 g) and distilled water (150 ml) was stirred for
15 min. A degreased carbon cloth was placed into the solution
and under the ultrasonic bath for 15 min to set up Fe+3 ions on
degreased cotton cloth. Then, materials were collected and
synthesized in tube surface under a temperature of 400 °C
for 4 h. The prepared particles were black and attracted by
the magnet.

Synthesis of Fe3O4/SiO2 core-shell composites
Powders with a core/shell structure of Fe3O4/SiO2 were prepared using hydrolysis of tetraethyl-ortho-silicate and in alkaline conditions in the presence of Fe3O4 particles [31]. Fe3O4
particles (0.05 g), ethanol (120 ml), and distilled water (30 ml)
were dispersed in ultrasonic bath for 30 min. Then tetraethylortho-silicate (0.5 ml) and ammonia (25 wt%, 4.05 ml) were
added to it. Subsequently, it was vigorously stirred using a
mechanical stirrer for 8 h. The particles were separated from
solution by external magnetic field. Then it was rinsed using
distilled water and dried in vacuum oven for 8 h at 60 °C.
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Synthesis of Fe3O4/SiO2/ZnO composite
Nanostructure of Fe3O4/SiO2/ZnO composite was prepared
by co-precipitation method [15]. 0.05 g of prepared Fe3O4/
SiO2 powder in the previous section was dispersed in 50 ml
of DMF using ultrasonic bath. 0.6 g of ZnNO3·6H2O was
dissolved in 50 ml of DMF and added to prior solution. The
resulting solution was stirred vigorously for 30 min under
mechanical stirring. Then, 0.04 g of NaOH was dissolved in
2 ml of distilled water (0.02 M solution). NaOH solution was
added slowly to the initial solution. In the following, it was
mechanically stirred for 6 h. The resulting particles were separated using magnetic separation and rinsed several times with
distilled water and ethanol. Then it was dried in dryer at a
temperature of 60 °C for 6 h. At the end, it was calcined in
argon atmosphere furnace at 500 °C for 2 h to obtain nanostructures of Fe3O4/SiO2/ZnO.

Photo-catalytic activity evaluations
The photo-catalytic of prepared composite Fe3O4/SiO2/ZnO
was studied using methylene blue and three UV lamps of
20 W. 90 ml of 50 mg/l methylene blue solution was stirred
in dark in the presence of photo-catalytic powder of Fe3O4/
SiO2/ZnO for 30 min to reach adsorption equilibrium, and
release was established [27]. Then the UV light was irradiated
at different time periods to evaluate the photo-catalytic effect
of the prepared powder. After testing, the photo-catalytic powders were washed and dried with distilled water in order to reuse it.

Characterization
The morphologies of all samples were examined using a field
emission scanning electron microscopy analysis FESEM, TESCAN Company, MIRA3, EDS (energy dispersive X-ray)
attached to FE-SEM and transmission electron microscopy
(TEM, Leo 906, Zeiss, 100kv). X-ray diffraction (XRD) patterns were obtained with a PRO MPD PAN-analytical X-ray
diffractometer with a copper anode producing X-ray. Fourier
transform infrared (FTIR, Bruker, Tensor 27) spectra were
recorded with wavenumber range of 400–4000 cm−1 and step
length of 4 cm−1. The magnetic properties of the particles were
measured by a vibrating sample magnetometer (VSM, Kavir
Kashan Co.MDK6) at room temperature.

Fig. 1 Schematic formation of Fe3O4/SiO2/ZnO core-shell-shell

the schematic process is shown in Fig. 1. X-ray diffraction
pattern (XRD) of synthesized Fe3O4 particles and Fe3O4/
SiO2/ZnO nanostructures are shown in Fig. 2. According to
XRD pattern, it can be seen that prepared Fe3O4 particles have
cubic structure and corresponds to the standard data for magnetite (JCPDS No. 19-0629) [28, 30]. The sharp peaks represent the formation of Fe3O4 with a cubic inverse spinel structure [28]. No impurity was observed. Since the silica phase is
amorphous, the absence of silica diffraction peaks is evidence.
In fact, the lack of peak width at 2θ = 15–25 is usually considered as amorphous SiO2 peaks [32]. Comparing the diffraction peaks marked with (Δ) in Fig. 2(b) shows zinc oxide
coating on Fe3O4/SiO2. ZnO phase is formed in its diffraction
pattern according to the standard (JCPDS No. 36-1451). No
additional peaks are observed, which confirms that the sample
only contained ZnO and Fe3O4 phase.
Figure 3(a) shows the FESEM image of synthesized Fe3O4
particles by carbon reduction method. It can be seen that synthesized particles are in the form of regular polygons. The
average size of particles is about 350 nm in which their size
distribution was not broad. As shown in the FESEM image,
Fig. 3(b); Fe3O4/SiO2 composite has core-shell structure.
Smooth coating around the Fe3O4 particles, confirms the
SiO2 shell formation [31]. The coating of the SiO2 shell on
Fe3O4 particles based on modified Stöber method as it is performed in a mixture of ethanol/ammonia [33]. The thickness
of the SiO 2 shell in this composite is important, since

Result and discussion
Synthesis of Fe3O4/SiO2/ZnO composite
In this work, core-shell-shell nanostructure of Fe3O4/SiO2/
ZnO composite was synthesized by a three-step method and

Fig. 2 XRD patterns of a Fe3O4 particles and b Fe3O4/SiO2/ZnO
composite
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Fig. 3 FESEM images of a Fe3O4
particles, b Fe3O4/SiO2
composite, and c Fe3O4/SiO2/
ZnO composite

increasing the thickness of this shell causes reduction of magnetic properties as well as reduction of nanostructures
recycling from wastewaters. In addition, reduction of the
thickness of SiO2 shell causes increased dissolution of the core
as well as increased agglomeration of the particles which decreases the photo-catalytic property of the composites [34,
35]. In this study, the SiO2 coating has almost been formed
on all Fe3O4 particles and the amount of TEOS precursor has
been selected appropriately. ZnO shell coating on Fe3O4/SiO2
composite was shown in Fig. 3(c), which ZnO coating is quite
rough and different from SiO2 coating which indicates the
deposition and crystallization of the ZnO layer [18].
Figure 4(a) shows the TEM image of Fe3O4/SiO2 composite. The thickness of SiO2 shell is nearly about 30 nm. TEM
image of Fe3O4/SiO2/ZnO nanostructures is observed in
Fig. 5(b). It can be observed that the thickness of zinc oxide
coating is about a few nanometers. By comparison of the TEM
images, it can be seen that the smooth surface of Fe3O4/SiO2
particles after deposition of zinc oxide layer changes to the
coarse and rough layer [36] which indicates the deposition and
crystallization of the ZnO layer which agree well with the

FESEM results. Figure 4(a) clearly shows a core/shell structure that includes the black Fe3O4 cube as core and gray color
SiO2 shell, which confirms that the Fe3O4/SiO2 cubes form a
core/shell structure [23]. When the ZnO shell is loaded on
Fe 3 O 4 /SiO 2 cubes (Fig. 4(b)), it forms a three-layer
core/shell/shell structure, which includes a Fe3O4 core, a
SiO2 interlayer, and a rough ZnO layer. According to TEM
and FESEM images, Fe3O4/SiO2/ZnO composite with particle

200 nm

200 nm

a

b

Fig. 4 TEM images of a Fe3O4/SiO2 and b Fe3O4/SiO2/ZnO composites
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Fig. 5 EDX spectrum of Fe3O4/
SiO2/ZnO composite

size of about 370 nm was obtained. The contrast between the
core and shell regions is due to the different electron penetration efficiency on Fe3O4 and SiO2 or ZnO [37]. After coating,
the Fe3O4/SiO2/ZnO cubes have been agglomerated, which is
due to the magnetic attraction between Fe3O4 particles and the
formation of the necking regions between the layers covered
on the particles [38], as shown in Fig. 4(b). The use of surfactant and ultrasonic vibration can be effective in reducing agglomeration [21]. EDX spectrum of Fe3O4/SiO2/ZnO composite was shown in Fig. 5 which provided a nanostructure

comprised of three main elements (Fe, Si, Zn) that confirm the
Fe3O4/SiO2/ZnO nanostructure formation.
For a more precise identification of prepared nanostructures, infrared spectroscopy was used. Figure 6(a–c) shows
FTIR spectrums of Fe3O4 cubes powder, Fe3O4/SiO2 composite materials, and Fe3O4/SiO2/ZnO composite materials, respectively. In the FTIR spectrum of Fe3O4 cubes powder
(Fig. 6(a)), the whole bands 1630 cm−1 and 3430 cm−1 are
tensile and flexural vibrational modes of H-O-H and confirm
the water presence. Band 580 cm−1 shows the Fe-O tensile

Fig. 6 FTIR spectrums of a Fe3O4 particles, b Fe3O4/SiO2 composite,
and c Fe3O4/SiO2/ZnO composite

Fig. 7 Room-temperature magnetization curves of a Fe3O4 particles, b
Fe3O4/SiO2 composite, and c Fe3O4/SiO2/ZnO composite
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Fig. 8 a Absorbance spectra of MB in the presence Fe3O4/SiO2/ZnO
composite material under exposure of UV light. b Comparison of MB
adsorption changes in the presence Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/

ZnO cubes under exposure of UV light after 90 min. c Photo-catalytic
degradation of Fe3O4/SiO2/ZnO composite material for different times

modes [39, 40]. By comparing Fig. 6(a, b), it is seen that
asymmetric and symmetric tensile vibrational modes of SiO-Si in 1120 cm−1 and 800 cm−1 and flexural vibration modes
of Si-O-Si have appeared in 470 cm−1 in the FTIR spectrum of
Fe3O4/SiO2 cubes nanostructures (Fig. 6(b)) [22, 41]. The
absorption of the Zn–O bond is at 540 cm−1 in the FTIR
spectrum of Fe3O4/SiO2/ZnO cubic nanostructures (Fig.
6(c)) [42]. By comparing the three spectra of Fig. 6, the reduced frequency and the increase in the width and intensity of
1630 cm−1 and 3430 cm−1 bands for the Fe3O4/SiO2/ZnO
cubic nanostructures can be attributed to the more surface
OH groups present [43]. Surface hydroxyl groups are active
sites for the adsorption, production, and decomposition of
hydroxyl radical by oxidation [44, 45]. Therefore, Fe3O4/
SiO2/ZnO cubes may expose good catalytic activity to remove
pollutants. Therefore, according to XRD, TEM, FESEM,
EDS, and FTIR results, it could be confirmed that Fe3O4/
SiO2/ZnO composite with core-shell-shell nanostructured
has been successfully synthesized.

Magnetic properties
The images of changes in magnetic properties in as-prepared
samples are given in Fig. 7. It can be clearly observed that with
SiO2 and ZnO coatings on Fe3O4 particles, saturation magnetization has reduced which confirms coating of SiO2 and ZnO
shells [31]. Wang et al. [33] synthesized Fe3O4/SiO2/ZnO-Ag
composite and studied their magnetic properties. The saturation magnetization of the Fe3O4/SiO2/ZnO composite was reported to be 38.8 emu/g. In this work, the saturation magnetic
of Fe3O4 powder, Fe3O4/SiO2, and Fe3O4/SiO2/ZnO cubes
has decreased from 80 to 66 emu/g and 48.8 emu/g, respectively. All curves present a small hysteresis loop, suggesting
that particles have ferromagnetic behavior. It could be concluded from Ms. values of Fe3O4/SiO2/ZnO composite that
it has high enough magnetic response for magnetic separation
by applying an external magnetic field. It indicates that the
core-shell-shell nanostructure could be purified and reused in
wastewater treatment.
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Photo-catalytic activity
To study the photo-catalytic activity of the Fe3O4/SiO2/ZnO
composite materials, the degradation of methylene blue was
chosen as a model reaction. Figure 8(a) shows absorbance
spectra of methylene blue in the presence of Fe3O4/SiO2/
ZnO powder (in 90-ml solution) with initial concentration of
MB equal to 50 mg/l, under UV light irradiation duration of
90 min. The maximum absorption intensity of methylene blue
solution is 664 nm. By adding the photo-catalytic powder of
Fe3O4/SiO2/ZnO to the methylene blue solution, nearly 55%
methylene blue was degraded during UV irradiation after
90 min. Methylene blue degradation also confirms the
photo-catalytic layer coating of ZnO. Figure 8(b) shows the
comparison of MB adsorption changes in the presence of
Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/ZnO cubes during UV
irradiation after 90 min. Figure 8(c) shows photo-catalytic
degradation of Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/ZnO
cubes for different times. As can be seen, the coating of ZnO
shell around Fe3O4 cubes has increased the MB degradation
performance compared to the performance of the uncoated
Fe3O4 and Fe3O4/SiO2 cubes. The better photo-catalytic activity of Fe3O4/SiO2/ZnO cubes may be due not only to the
higher surface to volume ratio (S/V) of the cube shape but also
to the increase in the specific surface area with coating of ZnO
shell [28]. Therefore, the structure of the core/shell has more
surface hydroxyl (active sites) due to more electron transfer
and it increases the photo-catalytic activity [37]. The slight
degradation in the presence of uncoated Fe3O4 and Fe3O4/
SiO2 cubes could be due to the partial bleaching of MB molecules under UV light or absorption of MB molecules to their
surface [31, 46]. Fu et al. [36] synthesized porous magnetic
Fe3O4/Fe/ZnO core-shell hetero-structure that exhibit superior
removal capability of pollutants from wastewater for Pb (II)

Fig. 9 Kinetics of MB dye removal in the presence of photo-catalytic
powder

and methylene blue, respectively. Core-shell structure could
remove 20 mg/l of MB completely in aqueous solution under
the UV irradiation. In other works, Fe3O4/SiO2/ZnO and
Fe3O4/SiO2/ZnO-Ag core-shell microspheres were synthesized for the degradation of rhod-amine B under UV irradiation. Result showed after 90 min Fe3O4/SiO2/ZnO core-shell
could remove 60% rhod-amine B, but Fe3O4/SiO2/ZnO-Ag
core-shell could degrade completely the pollutant, in fact,
Ag particles would improve photo-catalytic efficiency [18].
In this research study, core-shell-shell nanostructure Fe3O4/
SiO2/ZnO composite (with cubes core) have good photocatalytic performance in removing of MB pollutant. As far
as authors know, no report has been published on the application of Fe3O4/SiO2/ZnO composites to the degradation of MB
up to now. It is anticipated that noble metals could be used in
the Fe3O4/SiO2/ZnO composite material to improve photocatalytic efficiency, as it is our plan for the future work. The
photo-catalytic reaction could be described by lnC0/C = kaap.t,
where kaap indicates the apparent rate constant of photocatalytic degradation. Figure 9 shows the kinetics of the MB
removal in the presence of photo-catalytic powder. As shown
in Fig. 9, the kaap at the wavelength of 664 nm is greater than
the wavelength of 618 nm, which is matched by the absorption intensity of methylene blue in Fig. 8(a).

Reusability of Fe3O4/SiO2/ZnO photo-catalyst material
To investigate the reusability of Fe3O4/SiO2/ZnO composite
material, particles were separated using a magnet after each
photo-catalytic test and recycled for another four times under
the similar conditions. According to Fig. 10, the adsorption
efficiency was decreased after each cycle of powders, while
other factors were kept identical. Wang et al. reported that

Fig. 10 Effect of catalyst reuse on photo-degradation efficiency

J Aust Ceram Soc

reducing in adsorption efficiency may be because of some of
the active sites were occupied by methylene blue molecules
and could not be washed out by ethanol completely for each
cycle [47]. However, the adsorption efficiency still remains
about 55% after four times. However, the magnetic properties
allow the photo-catalyst to be separated for further use.

6.

7.

8.

Conclusion
In this research work, core-shell-shell nanostructure Fe3O4/
SiO2/ZnO composite material has been synthesized successfully. The nanostructure contains magnetic core with regular
polygons for magnetic separation, SiO 2 interlayer for
preventing photo-dissolution between core and outer layer,
and ZnO shell for improving photo-catalytic activity. Results
showed that the composite with new structure (different from
other core/shell) could eliminate about 55% of MB by adsorption and photo-degradation process under UV irradiation. It is
believed that Fe3O4/SiO2/ZnO cubes have a much larger surface area than other shapes. Therefore, the morphology of
ZnO particles coated on Fe3O4/SiO2 cubes has more hydroxyl
groups on the surface and is responsible for the relatively good
performance of Fe3O4/SiO2/ZnO cubes. Based on the results
of the VSM test, the saturation magnetization of Fe3O4 cubes
powder decreased after coating of SiO2 and ZnO layers and
formation of Fe3O4/SiO2/ZnO cubes. The magnetization saturation of the Fe3O4/SiO2/ZnO composite (48.8 emu/g) is
high enough for the magnetic separation. As can be seen in
MB sequential cycles, the reusability of synthesized cubes is
not significantly reduced. Thus core-shell-shell nanostructure
Fe3O4/SiO2/ZnO composite material with optimum magnetic
properties and reusability synthesized which could be suitable
for wastewater treatment.
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