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Abstract
A new chemical approach for the fabrication of Fe3O4 embedded ZnO magnetic semicondutctor composite is reported. The
method consists in increasing the pH of the synthesis solution by the thermal decomposition of urea instead of using
common alkaline agents, such as NaOH and NH4OH. The material (Fe3O4@ZnO) was used as a platform for the fabrication
of highly dispersed gold nanoparticles (~5 nm). The catalytic efficiency of the material, Fe3O4@ZnO@Au, was tested in the
photodegradation of Rhodamine-B solutions, and prominent catalytic efficiency, stability, and recycling were achieved. A
single portion of the catalyst could be used up to five times without significant loss of activity and its photodegradation
efficiency was considered high even after the 12th cycle (56%). Catalyst separation after each batch could be easily achieved
because of the intrinsic magnetic property of the material. Leaching monitoring of free Zn species during the fabrication of
the catalyst suggests that the use of urea decreased substantially the formation of non-magnetic-semiconducting species and
provided a higher mass yield of the magnetic composite compared to an analogous protocol using NaOH. The catalyst was
also characterized by detailed structural and chemical analyses, such as transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and vibration sample magnetometer (VSM).
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Highlights
● A novel mesoporous ZnO-modified magnetite as gold catalyst support has been synthesized.
● The amount of free Zn species in the solution was notably lower compared to traditional protocols.
● Enhanced photocatalytic performance was achieved towards the photodegradation of Rhodamine-B.
● The intrinsic magnetic property allowed an easy and straightforward catalyst separation.

1 Introduction

Semiconductors are considered a class of materials of great
interest not mainly because of their conductivity but because
their low band-gap energy (Eg) located in the 'visible' and
'near' ultraviolet spectral range (~1–3 eV). Technological
applications of this special class of materials include elec-
tronics, photonics and catalysis. Semiconductor assisted-
photocalysts have been extensively investigated for the
decomposition of organic contaminants generated by indus-
trial processes which pose a serious environmental threat [1]
and [2]. Titania-based photocatalysts are largely the most
common solids used to treat a various number of pollutants
[3] and different TiO2 nanostructures have been prepared,
including nanowires, nanotubes, 3D hollow spheres and
mesoporous materials [4]. Despite its photocatalytic effi-
ciency and desiring chemical and optical stability a large
scale water treatment system using TiO2 as a photo-
degradation agent is still not economically feasible [4] and
[5]. Therefore different alternatives have been proposed for
the treatment of organic contaminants using other semi-
conducting materials. Among those semiconductor assisted
photocatalysts, the use of Zinc oxide (ZnO) has been
exhaustively studied mainly due to the fact that its bandgap
energy (3.37 eV) is comparable to TiO2 and It can taslo be
applied in the photodegradation of organic compounds.
Important features that put ZnO at the top of their class
include electron mobility and lifetime, low cost production
and the diversity of approaches available to the fabrication of
different structures such as nanowires, nanoribbons, nano-
belts, nanocombs, nanospheres and nanofibers [6]. A pho-
todegradation using a semiconductor requires an absorption
of a photon of energy equivalent to Eg (band gap energy).
The photon migration leaves a vacancy (hole) behind in the
valence band and the organic mineralization is promoted by
the hydroxyl and superoxide radicals generated by the reac-
tion of H2O with a hole, and the combination of free elec-
trons and molecular O2 [7]. A recombination of holes/free
electrons prior to the formation of the radical species is a
limiting factor for the photodegradation efficiency and must
be prevented. One suitable way to accomplish that is
achieved by doping the semicondutor material with another
semiconductor or metal nanoparticles. The presence of a
dopant increases charge separation (free electrons/holes) and
minimizes electron-hole combination [8]. A great variety of
methods which include precipitation, sol–gel route, hydro-
thermal synthesis, and electrochemical deposition processes

have been reported for the fabrication of ZnO, and It is a
well-known fact that the solid morphology is a hotspot for
the catalyst efficiency towards the mineralization of an
organic target [9]. Representative ZnO-mesoporous struc-
tures are of great interest because of their large surface area,
void pore volume and tunable porosity [10] and [11]. In
supported liquid-phase catalysis, the large pores of such
material permit better diffusion of the molecule throughout
the solid matrix which renders a higher catalytic activity [12].
One important step after the photodegradation of a targeted
organic contaminant is the separation of the catalyst from the
effluent stream. The separation is not only important for the
final purification of the treated effluent but It is also indis-
pensable for catalyst recycling. Magnetic separation con-
stitutes a simple and straightforward method that has recently
been used as a new approach for catalyst separation [13].
Nguyen et al. synthesized a magnetic compound combining
Fe3O4 with ZnO and applied it in the photodegradation of
textile dye. Under the established conditions a single portion
of the catalyst could be magnetically recycled up to three
times [14]. A key point for the successful fabrication of a
biphase (magnetic/catalytic) composite is to achieve selec-
tivity towards the formation of the catalyst phase around the
magnetic component. This step is critical for catalyst stability
and for lessening the leaching of non-magnetic catalytic
species in liquid phase after the photoreaction is carried out.
In this study, a new magnetic composite (Fe3O4@ZnO@Au)
was obtained and applied as a reusable catalyst for the
photodegradation of Rhodamine-B. The mesoporous ZnO
layer was obtained controlling the pH elevation by the
decomposition of urea. The Zn concentration was monitored
during the catalyst fabrication and it was observed that the
leaching of Zn into the liquid media, after the magnetic
separation of the new solid, was considerably inferior to that
obtained after the fabrication of an analogous material using
NaOH as the pH modifier. The composite was applied in the
photodegradation of Rhodamine-B solutions and remarkable
properties concerning the catalyst efficiency and recycling
were obtained.

2 Experimental methods

2.1 Synthesis of mesoporous Fe3O4@ZnO

The magnetic nanoparticles (~12 nm) were obtained
according to the method previously reported by [15] with
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some slight modifications. Briefly 3,90 mmols of iron oleate
(freshly prepared) were added to a three-neck round-bottom
flask containing 75.8 mmols of octadecene and 19.3 mmols
of oleic acid. The solution was heated to up to 315 °C
(~5.5 °C min−1) and kept at this temperature for 10 min. The
magnetic fluid was then cooled to room temperature and
centrifuged to remove large aggregates. Freshly prepared
Fe3O4 nanoparticles were then coated with a ZnO layer. For
this purpose, the magnetic fluid was dispersed under vig-
orous mechanical stirring in a solution of ethanol and ethyl
acetate (1Vet/2veac), the Fe3O4 nanoparticles were magneti-
cally collected using a small magnet (4000 G). In order to
obtain water dispersed Fe3O4 nanoparticles, 20 mL of a
137 mmol aqueous solution of cetyltrimethylammonium
bromide (CTAB) were added to the Fe3O4 nanoparticles
and the mixture was magnetically stirred for 30 min
(4000 rpm) to promote the surface replacement of oleic acid
by CTAB. The mixture was then added to another three-
neck round-bottom flask contaning 250 mL of a Zn
(CH3COO)2 (0.46M)/Urea (0.40M) solution and kept
under magnetic stirring for 8 h at 85 °C. The material
[Fe3O4-Zn(OH)2] was then collected magnetically and
washed twice with distilled water. Finally Fe3O4-ZnO
composite was obtained by calcining the material at 300 °C
for 3 h. For comparison purposes, Fe3O4-ZnO was also
obtained using a NaOH solution as the source of OH− for
the precipitation of Zn(OH)2. The synthetic protocol used in
this step was the same except that a NaOH solution
(0.01 M) was used in substitution of Urea to reach the
desirable pH (12).

2.2 Obtention of Fe3O4@ZnO@Au

To enhance the catalytic properties of the magnetic semi-
conductor catalyst, the material was doped with Au nano-
particles. For this purpose, 150 mg of Fe3O4@ZnO was
added to 50 mL of an aqueous solution containing 7.7 mg of
HAuCl4 and 1.0 g of urea. The mixture was kept under
magnetic stirring for 2 h at 70 °C, and then 5 mL of an
ethanol solution of NaBH4 (~2.0 mg) was added. The
solution was stirred for 3 h and the material (Fe3O4@Z-
nO@Au) was finally magnetically collected, washed three
times with distilled water and calcined at 350 °C (1 h).

2.3 Photocatalytic tests

The photocatalytic activity of Fe3O4@ZnO@Au towards
the degradation of Rhodamine-B was investigated under
visible light using a high-pressure mercury-vapor lamp
(400W). In a typical experiment, 100 mg of the catalyst was
added to 50 mL of an aqueous solution o Rhodamine-B
(25 ppm) placed in a double-jacketed water-cooled glass
vessel connected to a circulating bath (15 °C). A double-

glass (SiO2) jacket was used as a UV cut-off filter. Prior any
light exposure the mixture was magnetically stirred in the
dark for 30 min to reach the adsorption equilibrium. In the
next step, the lamp was switched on and the photoreaction
was carried out according to the established reaction time
(up to 8 h). After the reaction time was complete, the cat-
alyst was magnetically collected by placing a small Nd
magnet (4000 G) on the reactor wall, and the photo-
degradated liquid sample was taken out for quantitative
analysis which was carried out using an spectrophotometer
UV–vis.

2.4 Instruments

For a detailed characterization profile the catalysts were
morphologically characterized by several techniques. XPS
analysis was performed on a K-alpha XPS (ThermoFischer1
Scientific, UK) using Al Kα X-rays (vacuum >10-8 mbar).
High resolution spectra were obtained using a pass energy
of 0.1 eV. The peak C1s at 284 eV was used as the binding
energy reference. X-ray diffractions patterns (XRD) were
collected on a Siemens D5005 with Cu Kα radiation at
40 kV. TEM was carried out on a FEI TECNAI F20
HRTEM operating at 200 kV. The specimens were prepared
by suspending the sample in ethanol and water ultra-
ssonically and placing a drop of the mixture onto a copper
grid with amorphous carbon film (200 mesh). Elemental
compositions and elemental mapping of the materials were
obtained by an energy-dispersive spectrometer (EDS) con-
nected to the electron microscope. Surface areas, diameter
and pore volume were determined from N2 adsorption
experiments in a Quanta-chrome NOVA 2200 analyzer.
UV–vis experiments were performed in a Femto-Cirrus
80MB UV spectrophotometer using quartz cuvette (10 mm
path length). Metal concentration profile in the catalysts was
measured by X-ray fluorescence spectrometer and ICP-AES
using a Spectro Arcos analyzer.

3 Results and discussion

3.1 Catalyst characterization

The magnetic nanoparticles were coated with a mesoporous
layer of ZnO by the thermal decomposition of urea under
heat. The method allows a slow rise in pH which leads to
the precipitation of Zn(OH)2/ZnO. It was found that the use
of urea instead of other alkaline agent such as NaOH favors
the formation of zinc hydroxide layer on the surface of the
magnetic particles. In a typical synthesis protocol, the
concentration of Zn species in the solution after the solid
was isolated magnetically was 22.4%, as determined by
ICP-AES. The concentration increased to 66,7% when
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NaOH solution was used for the formation of ZnO. Since
the quantity of reactants, final volume solution, temperature
and the stirring magnetic speed were the same for both
protocols the superior lower leaching of Zn species,
obtained using the decomposition of urea as the alkaline
agent, strongly suggests that its use promotes a higher
selectivity to the formation of ZnO around the magnetite
nanoparticles. Thus, the concentration of free diamagnetic
ZnO particles in the solution after the magnetic isolation is
lower (22.4 %). The superior higher leaching of Zn using
NaOH led to a significant decrease in the synthesis effi-
ciency and the route using urea provided a higher mass
yield than the analogous protocol using NaOH. In a typical
experiment the final composite mass obtained using urea
was ~1.5× higher (final mass 137.5 mg) compared to the
route using NaOH (92.0 mg). These results are doubly
important because the use of urea as the alkaline agent not
only constitutes a cleaner method compared to NaOH but It
also increases the atom economy and reaction mass effi-
ciency which are considered important parameters in the

search for green synthetic routes. Kandula and Jeeva-
nandam [16] fabricated core-shell SiO2@Co(OH)2 by the
thermal decomposition of urea and proposed that the silica
coating mechanism occurs by an adsorption–nucleation–
coalescence–anisotropic growth-self-assembly pathway
where the presence of urea induced the Co2+ adsorption on
the silica surface as a complex, Co(NH3)y. We believe that
a similar migration of Zn2+ ion to the magnetite surface
occurs forming a Zn(NH3)y complex. Urea then undergoes
hydrolysis and produces Zn(OH)2 which can then be
transferred to the Fe3O4 through an ion-exchange process
facilitated by the presence of CTAB. An important step
during the precipitation of the Zn(OH)2 is the control of pH
since the excess of OH− ion in the solution leads to the
formation of Zn(OH)4

2− which is highly soluble in water.
Therefore, fabrication of Zn(OH)2 using common alkaline
agents must be carried out under a rigorous control of pH.
In this novel methodology, the use of urea even in high
amounts (6 g) does not cause a significant release of OH− in
solution (pH ~9). Thus, no pH monitoring during the

Fig. 1 STEM images (1 and 2)
of Fe3O4@ZnO@Au composite.
EDS analysis of selected regions
contained in box 1 and 2 (insets
of 1 and 2)
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reaction is required which greatly simplifies the work-up
procedure.

Figure 1 shows the TEM images for the composite
Fe3O4@ZnO@Au obtained using the thermo decomposi-
tion of urea calcined at 350 °C. The ZnO film exhibits the
form of interlocking nanoworm structures giving rise to a
mesoporous matrix (porous size ~11.7 nm) which is avail-
able as a template for “in situ” generation and trapping of
Au nanoparticles. The estimated porous size obtained from
the TEM image is in good agreement with the pore size
obtained using the Barrett–Joyner–Halenda method (12 nm)
and confirms the mesoporous character of the ZnO matrix.
EDS analysis of two distinct areas (inset of Fig. 1) shows, as

expected, the presence of Zn, Fe and Au. The bright well-
dispersed white spots (~5 nm) are attributed to the presence
of gold nanoparticles which are also confirmed by EDS.

The Au metal nanoparticles have electron density sig-
nificantly higher than Zn and Fe and are clearly identified in
the TEM image. However It is not possible to distinguish
the magnetic phase (Fe3O4) from the semiconducting phase
(ZnO) because of their similar electron density distribution.
In order to obtain a detailed size-distribution and
composition-distribution of the catalyst and a better distin-
guishing of the magnetic and the semiconducting phases, a
complete elemental mapping analysis was also obtained by
energy dispersive x-ray. It can be seen from Fig. 2 that the
as-obtained Fe3O4@ZnO@Au is constituted of a core-shell
structure containing individual Fe3O4 nanoparticles
enwrapped by a ZnO mesoporous structure containing Au
metal nanoparticles. It is also clear from the Fe mapping
that the magnetic nanoparticles are approximately spherical
in shape. Au mapping confirms that the white spots pre-
vious observed in Fig. 1 are indeed highly dispersed gold
nanoparticles (~5 nm) attached to the ZnO mesoporous
structures.

The diffraction patterns (XRD) of the composite
Fe3O4@ZnO@Au are displayed in Fig. 3. The results show
that the crystalinity of both ZnO and Fe3O4 is maintained
after the enwrapping of the magnetic particles by the
semiconducting phase followed by its calcination and the
deposition of Au nanoparticles. The main peaks at 2θ values
of 31.94°, 34.40°, 36.16°, 47.41°, 56.55°, 62.88°, 66.39°,
68.15° e 69.20° correspond to the (100), (002), (101), (102),

Fig. 2 X-ray mapping of a
selected area for O, Fe, Zn and
Au

Fig. 3 XRD patterns of the as-prepared Fe3O4@ZnO@Au by the
thermal decomposition of urea
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(110), (103), (200), (112) and (201) planes characteristic of
hexagonal ZnO wurtzite [17]. For the magnetic matrix,
peaks at 2θ values of 29.48°, 36.00°, 42.25°, 52.29°,
57.73°, 67.65° and 69.56° are found which can be attributed
to the (220), (311), (400), (422), (511), (530), (620) Fe3O4

planes [18] and [19]. The peaks at 2θ: 22.69° e 33.01°
correspond to the (210) and (300) maghemite planes ((γ-
Fe2O3) which were probably obtained due to the oxidation
of Fe2+ during the calcination step [20]. The presence of Au
cannot be clearly identified by XRD probably because of its
low concentration (4.67%, as determined by XRF) and its
reduced size, which can lead to a decrease in the crystal-
linity of the material.

XPS was used to analyze the surface chemical compo-
sition of the material and to elucidate the chemical state of
the gold species. The survey spectrum (Fig. 4a) shows
distinctive peaks corresponding to Zn, Au, Fe and O. The

presence of such species is in good agreement with the
composite composition. The high resolution spectrum of
Zn2p (Fig. 4e) shows two peaks at 1021.8 eV and
1045.2 eV, which are attributed to Zn2p3/2 and Zn2p1/2. In
this work, the difference on the binding energy for the two
Zn2p peaks for for the bare semiconduction-magnetic-
composite (Fe3O4@ZnO) is 22.8 eV. The shift in energy
difference to a larger value (0.5 eV) obtained for the
material after the deposition of the Au nanoparticles is most
likely to be associated with Au/ZnO interactions such as
electron transferring from the semiconductor (ZnO) to the
Au particle surface [21]. The difference in binding energy
between the Zn peaks and presence of an O1s peak at
530.6 eV clearly suggest the formation of ZnO [1]. High
resolution XPS spectrum of Au 4 f (Fig. 4c) shows two
components at 83.7 and 88.4 eV corresponding to Au 4f7/2
and 4f5/2 and confirms the presence of metal gold. The

Fig. 4 XPS spectra of the
Fe3O4@ZnO@Au composite a
Survey spectrum. b–e XPS
spectra of O, Au, Fe and Zn core
levels, respectively
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negative shift of 0.3 eV in comparison to 84.0 eV of bulk
Au is another evidence for the strong interaction between
the semiconducting phase and the Au NPs possibly caused
by electron transfer phenomenon [22]. The XPS spectra for
the Fe 2p (Fig. 4d) level is split into Fe 2p3/2 and Fe 2p1/2
components with spin-orbit-splitting at 726.5 and 712.0 eV,
respectively. These peaks are attributed to the presence of
Fe2+ with Fe3+ and confirm the successful fabrication of
Fe3O4. The satellite peak at 719.3 eV suggests the partial
oxidation of Fe3O4 to γ-Fe2O3 which probably occurred
during the calcination step [23] and [24].

Figure 5 exhibits the molecular absorption spectroscopy
of the Fe3O4@ZnO@Au and Fe3O4@ZnO composites in
the UV–vis range. The band at 372 nm found for
Fe3O4@ZnO is consistent with the formation of ZnO par-
ticles. This band is also present in the Fe3O4@ZnO@Au
spectrum in a lower frequency (379 nm). This shift in
energy can be explained in terms of the Au electronegativity
which induce metal gold nanoparticles to withdraw electron
density more towards itself [25]. Another band centered
around 530 nm is observed for the Fe3O4@ZnO@Au
spectrum which is characteristic of surface plasmon
absorption of small Au nanoparticles [1]. The decrease in
aborbance intensity of ZnO band for Fe3O4@ZnO@Au is
probably due to the presence of Au nanoparticles and It
suggests that the material is more photoactive in the UV–vis
range [26].

To investigate the magnetic properties of the catalysts the
room-temperature hysteresis loop of the materials was
measured using VSM. The magnetic behavior are shown in
Fig. 6 and suggest that both materials (Fe3O4@ZnO@Au
and Fe3O4@ZnO) present superparamagnetic properties
since no hysteresis and coercivity is appreciably observed
for the magnetic hysteresis loop. The saturation magneti-
zation for both catalysts is considerably lower than that
observed for pure magnetite (~80 emu g−1) which can be
explained in terms of the presence of diamagnetic species
(ZnO and Au). Despite the lower magnetization the mate-
rials can still be quickly collected from aqueous solutions
by applying a magnetic field using a small magnet
(4000 G). The superparamagnetic property of the material
enables it to be quickly dispersed in solutions once the

Fig. 5 UV–vis spectra for Fe3O4@ZnO@Au and Fe3O4@ZnO
obtained by measuring the absorption of powder samples dispersed in
water

Fig. 6 Hysteresis loops for the
Fe3O4@ZnO@Au and
Fe3O4@ZnO materials
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magnetic field is removed. From a perspective of a potential
catalytic application of such materials, this property is quite
essential as It allows a maximum powder dispersion during
the catalytic cycle and a quick isolation of the material after
the reaction is complete.

3.2 Catalytic activity

The catalyst Fe3O4@ZnO@Au was applied in the photo-
degradation of Rhodamine-B using white light as the irra-
diation source. The spectral time scan of degradation of
Rhodamine-B using Fe3O4@ZnO@Au as catalysis is
shown in Fig. 7. For the purpose of comparison the catalyst

adsorption (no irradiation) and the photolysis (no catalyst
present) curves are also shown (Fig. 7a, b). The photolysis
test shows that no appreciable degradation occurs after 8 h
of continuous light irradiation in the absence of the catalyst.
Adsorption experiments were also carried out to assess the
adsorption-desorption equilibrium. As It can be seen from
Fig. 7b, the dye removal percentage after 30 min was con-
siderably slow (<15 %), under the conditions studied. Fig-
ure 7c demonstrates the photodegradation activity of the
synthesized Fe3O4@ZnO@Au as function of time (1–5 h).
The results were obtained spectrophotometrically after the
magnetic separation at the respective reaction time. Seventy
five percent of the dye content was efficiently degraded after

Fig. 7 UV–vis spectra of a catalyst absorption experiment in the dark
b photolysis study in the absence of catalyst c degradation of
Rhodamine-B photo-catalyzed by Fe3O4@ZnO@Au. Conditions:

100 mg of catalyst (a and c), 50 mL of an aqueous solution of
Rhodamine-B 25 ppm, Temperature= 15 °C
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1 h, and after 8 h the solution becomes complete clear and
its concentration is below the detection limit range of the
technique (<0.01 ppm).

The possibility of reusability of the new catalyst in the
degradation of Rhodamine-B has also been explored using
the same experimental conditions described in section 2.3.
In this step, a single portion of the composite was used in
different cycles with no prior drying, washing, heat stress or
any other method of cleaning. After each cycle, the catalyst
was magnetically collected by placing a small Nd magnet
on the reactor wall. Once the catalyst was completely iso-
lated and confined by the applied magnetic field, the col-
orless liquid was removed and new sample of Rhodamine-B
solution was added and submitted to the established reac-
tion conditions so that a new cycle could be carried out.
Figure 8 shows the percentage of degradation as a function
of cycle number. As it can be seen a degradation higher than
85% is observed for the five initial cycles. This observation
suggests that not only is the new catalyst highly efficient in
the degradation of the targeted pollutant but It also has
remarkable chemical and physical stability which are also
properties highly sought-after by the catalyst industry. After
the 6th cycle a significant drop in catalyst activity is
observed but It still exhibits a degradation higher than 56%
after the 12th cycle. These results are quite remarkable
when compared to other reported photocatalysts under
similar conditions for the degradation of Rhodamine-B
solutions. The mechanism of photodegradation by
ZnO@Au particles are well established [1], and the high

efficiency obtained by the new catalyst is unlikely to be
linked to a different mechanistic path but rather to the high
dispersion of Au nanoparticles on the mesoporous structure
of the ZnO layer.

4 Conclusions

In summary, a catalytic composite for the photodegradation
of Rhodamine-B with intrinsic magnetic properties was
synthesized. A modified method using the thermal decom-
position of urea in the presence of ZnO precursor, and
magnetite nanoparticles stabilized by CTAB led to the
formation of a mesoporous ZnO matrix containing Fe3O4

−

implanted nanoparticles. The material was used as a plat-
form for the fabrication of highly dispersed Au nano-
particles (~5 nm). The catalyst, Fe3O4@ZnO@Au, was
efficiently applied in the photodegradation of Rhodamine-B
solutions and a degradation higher than 99% was obtained.
Catalyst recycling study showed that a single portion of the
material could be repeatedly used up to five times without
significant loss of its activity, and the catalyst was still
considered active even after the 12th cycle (degradation
higher than 56%). The magnetic property allowed a simple
and straightforward separation after each run using a small
Nd magnet. The use of urea as the pH regulator reduced the
formation of non-magnetic ZnO species and a higher mass
yield of the magnetic was achieved (1.5×) compared to the
protocol using NaOH. From the exposed results, we believe
that this novel strategy to fabricate Fe3O4@ZnO more
efficiently is of great interest in designing multifunctional
catalytic solids, and It can be also applied as anchoring sites
for the preparation of other metal nano-catalysts.
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