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� Fe3O4@ZnO core/shell nano-
particles were successful syn-
thesized.

� The core/shell nanoparticles
show excellent photocatalytic
activity.

� Fe3O4 core ensures core/shell
nanoparticles reuse easily in
waste water treatment.
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B S T R A C T
Magnetically reusable Fe3O4@ZnO core/shell nanoparticles were synthesized by a simple two-step
chemical method. Almost no decrease in photocatalytic efficiency was observed even after recycling six
times.
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Fe3O4@ZnO binary nanoparticles were synthesized by a simple two-step chemical method and char-
acterized using various analytical instruments. TEM result proved the binary nanoparticles have core/
shell structures and average particle size is 60 nm. Photocatalytic investigation of Fe3O4@ZnO core/shell
nanoparticles was carried out using rhodamine B (RhB) solution under UV light. Fe3O4@ZnO core/shell
nanoparticles showed enhanced photocatalytic performance in comparison with the as prepared ZnO
nanoparticles. The enhanced photocatalytic activity for Fe3O4@ZnO might be resulting from the higher
concentration of surface oxygen vacancies and the suppressing effect of the Fe3þ ions on the re-
combination of photoinduced electron–hole pairs. Magnetization saturation value (5.96 emu/g) of Fe3O4

@ZnO core/shell nanoparticles is high enough to be magnetically removed by applying a magnetic field.
The core/shell photocatalyst can be easily separated by using a commercial magnet and almost no de-
crease in photocatalytic efficiency was observed even after recycling six times.

& 2015 Elsevier B.V. All rights reserved.
xiuyan@126.com (X. Li).
1. Introduction

In the last two decades, photocatalysis in the presence of
semiconductors caused a wide range of concern because it can be
used in environmental protection [1–4]. Among those
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Scheme 1. Schematic illustrations of the fabrication of Fe3O4 (a), ZnO (b) and Fe3O4

@ZnO (c).

Fig. 1. XRD patterns of synthesized Fe3O4 (a) (the line in below), ZnO (b) (the
middle line), and Fe O @ZnO (c) (the upper line); the inset image is magnifying
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semiconductors, ZnO is well-known as an excellent candidate for
photocatalytic reaction owing to its high photocatalytic activity,
environmental compatible feature and relatively low cost [5,6].

Due to photocatalytic process mainly occurs on surface of ZnO
photocatalysts, powder ZnO which have large specific surface area
were utilized in wastewater treatment usually [3,7,8]. However, an
imperative problem to be solved in industry applications of pow-
der ZnO photocatalysts is efficient separation of these fine ZnO
micro/nanoparticles from treated water. Traditional separation
methods always cost too much and may result in secondary pol-
lution caused by photocatalyst loss [9]. Magnetic carriers provide a
very efficient and convenient method for separating and recycling
catalysts by using external magnetic fields [10]. Up to now, most
magnetic photocatalysts have two functional parts at least: a
magnetic component (γ-Fe2O3 or Fe3O4) with the separation
function via an external magnetic field; the second part is the
photocatalytic component with a photocatalytic function, such as
SnO2, ZnO or TiO2 nanoparticles [11–13]. These heterogeneous
catalysts have been proved to be efficient in both separation and
recycle [14]. For instance, Fe3O4/Ag/SnO2 core–shell structured
particles can be removed using an external magnetic field and
their photocatalytic efficiency can still be maintained at 95.74%,
even after eight cycles of use [11]. Thus, develop magnetic pho-
tocatalysts with efficient reusability became a hot research subject
in photocatalytic area [15].

In addition, the introduction of magnetic carriers may result in
the catalytic activity decrease attribute to the decrease of active
ingredient in photocatalyst system [16]. Therefore, semiconductor
shells with high photocatalytic performance were synthesized to
counteract the negative effect of inactive magnetic core [17]. De-
position of noble metal can enhance photocatalytic activity of
magnetically reusable photocatalyst obviously [16,18,19]. Li et al.
reported RhB in solution can be removed completely by
Fe3O4@SiO2@TiO2@Pt after 20 min UV irradiation while
Fe3O4@SiO2@TiO2 spent 25 min under the same condition [19]. But
expensive cost for noble metal restricted it application in industry.
To decrease the running cost, increase the concentration of surface
defect can enhance activity of ZnO photocatalytic efficiently and
was considered as an economic method [20,21]. Wang et al. re-
ported that the oxygen vacancies can facilitate the photo-
decomposition of 2,4-dichlorophenol under visible light irradia-
tion by ZnO photocatalyst [22]. Enlightened by former studies, it
could be an effective route to obtain high photocatalytic perfor-
mance catalyst by introducing oxygen defects.

Herein, we report our recent research on the synthesis of Fe3O4

@ZnO core/shell nanoparticles. The photocatalytic activities of the
binary composites were evaluated using the degradation of RhB as
a model reaction. It is found that Fe3O4@ZnO core/shell nano-
particles show excellent photocatalytic activity for degrading RhB
in comparison with as prepared ZnO. The enhanced photocatalytic
activity was attributed to the high concentration of oxygen va-
cancies and the presence of Fe3þ ions in the core/shell catalyst.
3 4

image of the select area in curve (c).
2. Experimental

2.1. Materials and chemicals

Ferric chloride hexahydrate (FeCl3�6H2O), ferrous chloride
tetrahydrate (FeCl2�4H2O), sodium hydroxide (NaOH), zinc acetate
dihydrate (Zn(Ac)2�2H2O), ethylalcohol (C2H5OH) were purchased
from Sinopharm Chemical Reagent Co. Ltd and used as received.
Deionized water (resistivity418.0 MΩ cm) was using throughout
the experiment.
2.2. Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were synthesized through a coprecipita-
tion method. The fabrication process was depicted in Scheme 1a.
As shown in Scheme 1a, FeCl3�6H2O (6 mmol, 1.622 g) and FeCl2�
4H2O (3 mmol, 0.597 g) were dissolved in deionized water
(200 ml). After stirring for 40 min at 55 °C, 100 ml NaOH solution
(0.24 mol L�1) was added to the resulting complex dropwise. Then
the reaction mixture was heated at 60 °C for 1 h under mechanical



Fig. 2. SEM images of Fe3O4 (a), ZnO (b) and Fe3O4@ZnO (c); TEM images of Fe3O4 (d), ZnO (e) and Fe3O4@ZnO (f); SEAD image of Fe3O4 (g) and Fe3O4@ZnO (h); HRTEM
images of Fe3O4 (i, j), ZnO (k) and Fe3O4@ZnO (l).
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stirring, producing a black suspension. The Fe3O4 were magneti-
cally collected, washed with ethanol and deionized water, and
then dried.

2.3. Synthesis of ZnO nanoparticles

As illustrated in Scheme 1b, ZnO nanoparticles were synthe-
sized by a hydrothermal method. Briefly, Zn(Ac2)�2H2O (10 mmol,
2.195 g) and NaOH (20 mmol, 0.8 g ) were dissolved in 30 ml
deionized water respectively at first. Then the NaOH solution was
added into the Zn(Ac2)�2H2O solution dropwise under stir. The
mixture solution was transferred into a Teflon-lined reactor
maintained at 170 °C for 10 h. Subsequently, the system was
cooled to room temperature. The obtained precipitation after
cooling down to room temperature was filtered off, washed three
times by deionized water and ethanol, and dried at 60 °C for 10 h.
2.4. Synthesis of Fe3O4@ZnO core/shell nanoparticles

As shown in Scheme 1c, Fe3O4@ZnO core/shell nanoparticles
were prepared based on the synthesis of ZnO. For the preparing of
Fe3O4@ZnO core/shell nanoparticles, Fe3O4 (2 mmol, 0.463 g) was
added into the precursor in the process of hydrothermal synthesis
ZnO. The following steps are the same with the procedure for
preparing ZnO nanoparticles described in 2.3.



Fig. 3. (a) PL spectra of the synthesized ZnO (a-I) and Fe3O4@ZnO (a-II) core/shell
nanoparticles; Gaussian fit results of the 420–750 nm emissions of ZnO nano-
particles (b), Fe3O4@ZnO core/shell nanoparticles (c) with the original curves in
black, the Gaussian fit showing in red, and the green lines showing the fitted peaks.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. (a) Adsorption changes of RhB aqueous in the presence of Fe3O4@ZnO,
(b) Degradation efficiency versus reaction time for ZnO and Fe3O4@ZnO.
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2.5. Characterization

XRD (MAC Science, MXP18, Japan), FESEM (Hitachi S4800), TEM
(JEOL JEM-2100HR, 200 kV), PL (Renishaw inVia micro-PL spec-
trometer, 325 nm, He–Cd laser), VSM (Lake Shore 7407) and UV–
vis spectrophotometer (UV-5800PC, Shanghai Metash Instruments
Co., Ltd) were used to characterize the crystal structure,
morphologies, magnetic and optical properties of the synthesized
samples.

2.6. Photocatalytic degradation of RhB

At the beginning, 60 mg of the synthesized products were
dispersed in 60 mL of the RhB aqueous solution (7 mg L�1) and
the mixed solution was stirred in the dark for 15 min until
reaching the adsorption equilibrium. Then, the mixture solutions
were irradiated under a high-pressure Hg lamp (250 W, wave-
length centered at 365 nm). The concentration reduction of RhB
during photocatalytic experiment was recorded by UV�vis
spectrophotometer.
Scheme 2. A proposed photocatalytic reaction mechanism of the Fe3O4@ZnO.
3. Results and discussion

The crystalline phase and structure of Fe3O4, ZnO, and Fe3O4

@ZnO are studied by XRD analysis. As shown in Fig. 1a, all of the
identified peaks in the XRD pattern can be attributed to magnetite
Fe3O4, based on the standard data for magnetite (JCPDS no. 19-
0629). All the diffraction peaks in the Fig. 1b belong to the wurtzite
phase ZnO (JCPDS no. 36-1451), indicating that ZnO have a wurt-
zite structure. The blue curve (Fig. 1c) and it magnifying image of
the select area shows two sets of diffraction peaks for Fe3O4@ZnO
well indexed to hexagonal wurtzite ZnO and magnetite Fe3O4. No
additional peaks are observed, which confirms that the sample
only contained nanocrystalline ZnO and Fe3O4. But only base on
the XRD result we can not confirm the combination mode of the



Fig. 5. Room-temperature magnetic hysteresis loops of Fe3O4 (a) –I, Fe3O4@ZnO (a)
–II; the inset image in (a) is the magnetic separation and redispersion process of
Fe3O4@ZnO, (b) six cycles of the removal of RhB over Fe3O4@ZnO samples under UV
irradiation.
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binary compound.
To investigate the morphology, particle size and crystalline

structure of the as synthesized samples, SEM images of Fe3O4, ZnO
and Fe3O4@ZnO together with TEM images and the corresponding
HRTEM and SAED are shown in Fig. 2. From SEM and TEM images
of three samples (Fig. 2a–f), we can observe the average particle
sizes of Fe3O4, ZnO and Fe3O4@ZnO are 7 nm, 50 nm and 60 nm,
respectively. The SAED image (Fig. 2g) and HRTEM image (Fig. 2j)
further prove the synthesized Fe3O4 have a magnetite structure.
The HRTEM (Fig. 2k) for ZnO shows clear crystal lattice distance
which belong to (100) planes of wurtzite phase ZnO (JCPDS no. 36-
1451). The selected area electron diffraction (SAED) pattern of
Fe3O4@ZnO core/shell structure is presented in Fig. 2h. The dif-
fraction dot displayed in the SAED patterns supports the presence
of ZnO in the synthesized core/shell structure. It index to the (100)
plane of hexagonal ZnO corresponding to JCPDS Card no. 36-1451.
The SAED pattern also show the diffraction rings of different
planes of magnetite Fe3O4 (JCPDS 16-0629) confirming the ex-
istence of Fe3O4 in the nanostructures. The HRTEM image (Fig. 2l)
of Fe3O4@ZnO shows a core/shell structure and the crystal lattice
distances of the core and shell belong to magnetite Fe3O4 and
wurtzite phase ZnO, respectively. Combining with the result of
XRD characterization, we can confirm the final obtained binary
compound were Fe3O4@ZnO core/shell nanoparticles.

In order to study the feature of electron–hole pairs on the
surface of photocatalysts, photoluminescence spectra (PL) of as
synthesized ZnO and Fe3O4@ZnO core/shell nanoparticles (λex
¼325 nm) were illustrated in Fig. 3. Both PL spectra in Fig. 3a
consisted of a sharp UV emission peak (λ¼380 nm) and one broad
peak in the visible region (λ¼450–700 nm). The sharp UV emis-
sion band generally assigned as a near-band-edge emission band
and the position agrees well with the literature [23,24]. The broad
emission in the visible-light region is associated to ZnO surface
detects, in which oxygen vacancies are the most accepted defects
[25–27]. Changes in the green emission intensity have been as-
sociated to changes in the concentration of the oxygen vacancies
reported in the literature. In our study, by using Gaussian Fitting
the visible emission in spectra can be fitted into green emission
(λ¼543 nm) and yellow emission (λ¼588 nm) as shown in the
Fig. 3b and c. The intensity of green emission for Fe3O4@ZnO core/
shell nanoparticles is obviously stronger in comparison with ZnO
nanoparticles. It means more oxygen vacancies existed on the
surface of Fe3O4@ZnO core/shell nanoparticles. Wang et al. re-
ported that the increased surface oxygen vacancies decreased the
surface recombination centers, and improved the charge separa-
tion efficiency [21].

The results of photodegradation RhB are shown in Fig. 4b.
Without any catalyst, only a slow decrease in the concentration of
RhB was detected under UV irradiation. When Fe3O4@ZnO was
added as photocatalyst, 99.3% RhB in aqueous solution could be
eliminated after 60 min of UV irradiation (Fig. 4b-III). ZnO can
eliminate 92.6% RhB in aqueous solution under the same UV ir-
radiation time (Fig. 4b-II).

In many researches on semiconductor photocatalysis, bigger
particle sizes always lead to weaker photocatalytic activity [28].
But in our case Fe3O4@ZnO with bigger particle size shows en-
hanced photocatalytic activity compare with ZnO. That might re-
sult from two reasons. The concentration of surface oxygen va-
cancies was considered as a vital factor to determine the photo-
catalytic performance of ZnO photocatalyst [21,29,30]. Surface
oxygen vacancies can trap photoinduced electrons during the
photocatalytic process and then prevent the recombination of
photogenerated electron–hole pairs. In addition, oxygen species
(such as O2, OH�) could be adsorbed by surface oxygen vacancies
easily. After reacting with photogenerated carriers, those oxygen
species were transformed into �O2

− and �OH which can accelerate
the photocatalysis process.

The enhanced photocatalytic activity of Fe3O4@ZnO is also re-
lated to the presence of Fe3þ ions in the hybrid nanoparticles.
Ambrus' work proved Fe3þ ions in Fe3O4 can act as a photo-
generated electron-trapping site to prevent the fast recombination
of photoinduced charge carriers and prolong their lifetime [31]. As
shown in Scheme 2, the photoinduced electron in the conduction
band of ZnO can be captured by Fe3þ ions in this study. This will
result in the formation of Fe2þ ions, which are more active in
comparison with Fe3þ ions. Then Fe2þ ions would react with the
O2 dissolved in the reaction solution to generate Fe3þ ions and
�O2

− radicals. These �O2
− radicals can destroy the structure of var-

ious organic pollutants, degrading them into non-toxic carbon
dioxide and water [32].

Easy magnetic separation and recycle are vitally important for
the application of photocatalyst in industry. To investigate mag-
netic property of as synthesized samples, magnetic hysteresis
loops of Fe3O4 and Fe3O4@ZnO measured at 300 K are presented in
Fig. 5a. Both samples have superparamagnetic behavior because
almost no remanence or coercivity was observed from the mag-
netic hysteresis loops. After coated with ZnO, the magnetization
saturation value (MS) of Fe3O4@ZnO (Fig. 5a-II) decreases. The
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decrease in MS value can be attributed to the influence of grain
boundary on the properties of nanograined polycrystals [13]. As
shown in the inset of Fig. 5a, the MS value of Fe3O4@ZnO
(5.96 emu/g) (Fig. 5a-II) is still high enough to be magnetically
separated by applying a magnetic field. It indicates that the core/
shell photocatalyst can be separated and reused in waste water
treatment easily.

To study the reusability of the synthesized Fe3O4@ZnO core/
shell nanoparticles further, the Fe3O4@ZnO was separated by ap-
plying a magnetic field after the photodegradation of RhB in
aqueous solution. The core/shell photocatalyst was recycled for
another five times under the same conditions after simple washing
and drying. As shown in Fig. 5b, no obvious decrease was detected
in all recycling experiments. It indicates that the as synthesized
Fe3O4@ZnO core/shell photocatalyst have excellent stability and
reusability.
4. Conclusions

In summary, Fe3O4@ZnO core/shell nanoparticles were pre-
pared by a simple two-step chemical method. The magnetization
saturation value of the core/shell nanoparticles (5.96 emu/g) is
sufficient high for magnetic separation when applied as reusable
catalyst in waste water treatment. Fe3O4@ZnO exhibited enhanced
photocatalytic activities than those of the pure ZnO nanoparticles.
Surface oxygen vacancies and the presence of Fe3þ ions in binary
composite codetermine final photocatalytic activity of Fe3O4@ZnO
core/shell nanoparticles.
Acknowledgments

This work is supported by the National Programs for High
Technology Research and Development of China (863) (Item no.
2013AA032202), National Natural Science Foundation of China
(Grant nos. 51479220, 61378085 and 61308095). Program for the
Development of Science and Technology of Jilin province (Item
nos. 201215222, 20130102004JC and 20140101205JC).
References

[1] C. Pan, R. Ding, Y.C. Hu, G.J. Yang, Electrospinning fabrication of rime-like NiO
nanowires/nanofibers hierarchical architectures and their photocatalytic
properties, Physica E 54 (2013) 138–143.

[2] J. Tripathy, K.Y. Lee, P. Schmuki, Tuning the selectivity of photocatalytic syn-
thetic reactions using modified TiO2 nanotubes, Angew. Chem. Int. Ed. 53
(2014) 12605–12608.

[3] S.M. Jilani, P. Banerji, Graphene oxide–zinc oxide nanocomposite as channel
layer for field effect transistors: effect of ZnO loading on field effect transport,
ACS Appl. Mater. Interfaces 6 (2014) 16941–16948.

[4] F. Jamali-Sheini, R. Yousefi, N.A. Bakr, M. Cheraghizade, M. Sookhakian, N.
M. Huang, Highly efficient photo-degradation of methyl blue and band gap
shift of SnS nanoparticles under different sonication frequencies, Mater. Sci.
Semicond. Process. 32 (2015) 172–178.

[5] W.W. He, H.K. Kim, W.G. Wamer, D. Melka, J.H. Callahan, J.J. Yin, Photo-
generated charge carriers and reactive oxygen species in ZnO/Au hybrid na-
nostructures with enhanced photocatalytic and antibacterial activity, J. Am.
Chem. Soc. 136 (2014) 750–757.

[6] M. Azarang, A. Shuhaimi, R. Yousefi, S.P. Jahromi, One-pot sol–gel synthesis of
reduced grapheme oxide uniformly decorated zinc oxide nanoparticles in
starch environment for highly efficient photodegradation of Methylene Blue,
RSC Adv. 5 (2015) 21888–21896.

[7] M. Azarang, A. Shuhaimi, R. Yousefi, A.M. Golsheikh, M. Sookhakian, Synthesis
and characterization of ZnO NPs/reduced graphene oxide nanocomposite
prepared in gelatin medium as highly efficient photo-degradation of MB,
Ceram. Int. 40 (2014) 10217–10221.
[8] Hoda S. Hafez, Highly active ZnO rod-like nanomaterials: synthesis, char-
acterization and photocatalytic activity for dye removal, Physica E 44 (2012)
1522–1527.

[9] J.F. Guo, B.W. Ma, A.Y. Yin, K.N. Fan, W.L. Dai, Photodegradation of rhodamine B
and 4–chlorophenol using plasmonic photocatalyst of Ag–AgI/Fe3O4@SiO2

magnetic nanoparticle under visible light irradiation, Appl. Catal. B 101 (2011)
580–586.

[10] M. Cano, K. Sbargoud, E. Allard, C. Larpent, Magnetic separation of fatty acids
with iron oxide nanoparticles and application to extractive deacidification of
vegetable oils, Green Chem. 14 (2012) 1786–1795.

[11] L.L. Sun, W. Wu, S.L. Yang, J. Zhou, M.Q. Hong, X.H. Xiao, F. Ren, C.Z. Jiang,
Template and silica interlayer tailorable synthesis of spindle-like multilayer
α–Fe2O3/Ag/SnO2 ternary hybrid architectures and their enhanced photo-
catalytic activity, ACS Appl. Mater. Interfaces 6 (2014) 1113–1124.

[12] X.H. Feng, H.J. Guo, K. Patel, H. Zhou, X. Lou, High performance, recoverable
Fe3O4–ZnO, nanoparticles for enhanced photocatalytic degradation of phenol,
Chem. Eng. J. 244 (2014) 327–334.

[13] R. Chalasani, S. Vasudevan, Cyclodextrin–functionalized Fe3O4@TiO2: reusable,
magnetic nanoparticles for photocatalytic degradation of endocrine-disrupt-
ing chemicals in water supplies, ACS Nano 7 (2013) 4093–4104.

[14] S. Shylesh, V. Schünemann, W.R. Thiel, Magnetically separable nanocatalysts:
bridges between homogeneous and heterogeneous catalysis, Angew. Chem.
Int. Ed. 49 (2010) 3428–3459.

[15] W. Wu, C.Z. Jiang, V.A.L. Roy, Recent progress in magnetic iron oxide–semi-
conductor composite nanomaterials as promising photocatalysts, Nanoscale 7
(2015) 38–58.

[16] Y. Chi, Q. Yuan, Y.J. Li, L. Zhao, N. Li, X.T. Li, W.F. Yan, Magnetically separable
Fe3O4@SiO2@TiO2–Ag microspheres with well-designed nanostructure and
enhanced photocatalytic activity, J. Hazard. Mater. 262 (2013) 404–411.

[17] Z. Liu, F.T. Chen, Y.P. Gao, Y. Liu, P.F. Fang, S.J. Wang, A novel synthetic route for
magnetically retrievable Bi2WO6 hierarchical microspheres with enhanced
visible photocatalytic performance, J. Mater. Chem. A 1 (2013) 7027–7030.

[18] S.H. Qin, W.Y. Cai, X.H. Tang, L.B. Yang, Sensitively monitoring photodegrada-
tion process of organic dye molecules by surface–enhanced Raman spectro-
scopy based on Fe3O4@SiO2@TiO2@Ag particle, Analyst 139 (2014) 5509–5515.

[19] X.Y. Li, D.P. Liu, S.Y. Song, H.J. Zhang, Fe3O4@SiO2@TiO2@Pt hierarchical cor-
e�shell microspheres: controlled synthesis, enhanced degradation system,
and rapid magnetic separation to recycle, Cryst. Growth Des. 14 (2014)
5506–5511.

[20] M.Y. Guo, A.M.C. Ng, F.Z. Liu, A.B. Djurišić, W.K. Chan, H.M. Su, K.S. Wong,
Effect of native defects on photocatalytic properties of ZnO, J. Phys. Chem. C
115 (2011) 11095–11101.

[21] C. Wang, D. Wu, P.F. Wang, Y.H. Ao, J. Hou, J. Qian, Effect of oxygen vacancy on
enhanced photocatalytic activity of reduced ZnO nanorod arrays, Appl. Surf.
Sci. 325 (2015) 112–116.

[22] J.P. Wang, Z.Y. Wang, B.B. Huang, Y.D. Ma, Y.Y. Liu, X.Y. Qin, X.Y. Zhang, Y. Dai,
Oxygen vacancy induced band–gap narrowing and enhanced visible light
photocatalytic activity of ZnO, ACS Appl. Mater. Interfaces 4 (2012)
4024–4030.

[23] R. Yousefi, F. Jamali-Sheini, M. Cheraghizade, S. Khosravi-Gandomani,
A. Sa ́aedi, N.M. Huang, W.J. Basirun, M. Azarang, Enhanced visible-light pho-
tocatalytic activity of strontium-doped zinc oxide nanoparticles, Mater. Sci.
Semicond. Process. 32 (2015) 152–159.

[24] C.D. Li, J.P. Lv, Z.Q. Liang, S.L. Yao, Study on the optical absorption and green
emission of ZnO phosphors by varying Al doping contents, Opt. Mater. 35
(2013) 586–589.

[25] J.W.P. Hsu, D.R. Tallant, R.L. Simpson, N.A. Missert, R.G. Copeland, Luminescent
properties of solution-grown ZnO nanorods, Appl. Phys. Lett. 88 (2006)
252103.

[26] H. Usui, Influence of surfactant micelles on morphology and photo-
luminescence of zinc oxide nanorods prepared by one-step chemical synthesis
in aqueous solution, J. Phys. Chem. C 111 (2007) 9060–9065.

[27] W.M. Kwok, A.B. Djurišić, Y.H. Leung, W.K. Chan, D.L. Phillips, Time-resolved
photoluminescence from ZnO nanostructures, Appl. Phys. Lett. 87 (2005)
223111.

[28] J. Xie, Y.T. Li, W. Zhao, L. Bian, Y. Wei, Simple fabrication and photocatalytic
activity of ZnO particles with different morphologies, Powder Technol. 207
(2011) 140–144.

[29] G.R. Li, T. Hu, G.L. Pan, T.Y. Yan, X.P. Gao, H.Y. Zhu, Morphology-function re-
lationship of ZnO: polar planes, oxygen vacancies, and activity, J. Phys. Chem.
C 112 (2008) 11859–11864.

[30] D.M. Chen, Z.H. Wang, T.Z. Ren, H. Ding, W.Q. Yao, R.L. Zong, Y.F. Zhu, Influence
of defects on the photocatalytic activity of ZnO, J. Phys. Chem. C 118 (2014)
15300–15307.

[31] Z. Ambrus, N. Balázs, T. Alapi, G. Wittmann, P. Sipos, A. Dombi, K. Mogyorósi,
Synthesis, structure and photocatalytic properties of Fe(III)-doped TiO2 pre-
pared from TiCl3, Appl. Catal. B 81 (2008) 27–37.

[32] J.G. Yu, Q.J. Xiang, M.H. Zhou, Preparation, characterization and visible-light-
driven photocatalytic activity of Fe–doped titania nanorods and first-princi-
ples study for electronic structures, Appl. Catal. B 90 (2009) 595–602.

http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref1
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref1
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref1
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref1
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref2
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref2
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref2
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref2
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref2
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref2
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref3
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref3
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref3
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref3
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref4
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref4
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref4
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref4
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref4
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref5
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref5
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref5
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref5
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref5
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref6
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref6
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref6
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref6
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref6
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref7
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref7
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref7
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref7
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref7
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref8
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref8
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref8
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref8
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref9
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref10
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref10
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref10
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref10
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref11
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref12
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref13
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref14
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref14
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref14
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref14
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref15
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref15
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref15
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref15
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref16
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref17
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref18
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref19
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref20
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref20
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref20
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref20
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref20
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref20
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref21
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref21
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref21
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref21
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref22
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref22
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref22
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref22
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref22
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref23
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref23
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref23
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref23
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref23
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref24
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref24
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref24
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref24
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref25
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref25
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref25
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref26
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref26
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref26
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref26
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref27
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref27
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref27
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref27
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref27
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref28
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref28
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref28
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref28
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref29
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref29
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref29
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref29
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref30
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref30
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref30
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref30
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref31
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref32
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref32
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref32
http://refhub.elsevier.com/S1386-9477(15)30181-8/sbref32

	Preparation and photocatalytic properties of magnetically reusable Fe3O4@ZnO core/shell nanoparticles
	Introduction
	Experimental
	Materials and chemicals
	Synthesis of Fe3O4 nanoparticles
	Synthesis of ZnO nanoparticles
	Synthesis of Fe3O4@ZnO core/shell nanoparticles
	Characterization
	Photocatalytic degradation of RhB

	Results and discussion
	Conclusions
	Acknowledgments
	References




