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Abstract: In this study, ZnO@Fe;Os composite nanostructures were synthesized using the
hydrothermal method. X-ray diffraction analysis was performed for the structural characterization
of nanostructures obtained with the addition of FesO4 at different ratios, and no impurity peaks
were found. Scanning electron microscope (SEM) and transmission electron microscope (TEM)
were used for morphological imaging. It was understood that ZnO nanoparticles were decorated
around FesO4 in the morphology of nanostructures. Fe, Zn, and O peaks were detected in
elemental analysis. Energy band gaps of ZnO@Fe;O4 nanocomposite structures were obtained
from absorbance data collected by use of UV-VIS spectrometer. The band gap values of
nanostructures were calculated to be in the range of 2-2.1 eV. Magnetic properties were
determined using a vibrating sample magnetometer (VSM), and the values of 3.76 emu/g and 7.96
emu/g were found depending on the FesO, content. Although these values show a limited
ferromagnetic property, they are important in optoelectronic and medical imaging applications due
to the advanced optical and electronic properties of ZnO.

Hidrotermal yontem kullanilarak ZnO@Fe304 kompozit nanoyapilarin sentezi ve

karakterizasyonu

Anahtar
Kelimeler
Nanokompozit
ZnO@Fe30y,
Morfo-yapisal
karakterizas-
yon,

Medikal
goriintiileme,
Manyetik ve
optik
ozellikler

Oz: Bu calismada, ZnO@Fe3Os kompozit nanoyapilar hidrotermal yontem kullanilarak
sentezlenmigtir. Farkli oranlarda Fe3Os4 katkisiyla elde edilen nanoyapilarin yapisal
karakterizasyonu i¢in X-1i51m1 kirimim analizi gerceklestirildi ve herhangi bir safsizlik pikine
rastlanmadi. Morfolojik goriintiilemede taramali elektron mikroskobu (SEM) ve gegirimli elektron
mikroskobu (TEM) kullanildi. Nanoyapilarin morfolojisinde Fe3O4 etrafinda ZnO nano
taneciklerinin dekore edildigi anlasilmistir. Elemental analizde ise Fe, Zn ve O pikleri
kaydedilmistir. ZnO@Fe3;04 nanokompozit yapilarin bant araligi enerjileri Uv-Vis spektromotresi
aracigiliyla elde edilen absorbans datalarindan elde edilmistir. Nanoyapilarin bant gap degerleri
yaklagik olarak 2-2.1 eV araliginda hesaplanmistir. Manyetik 6zellikler ise Vibrating Sample
Magnetometer (VSM) kullanilarak tespit edildi ve FesO4 katki oranina bagli olarak 3.76 emu/g ile
7.96 emu/g degerleri bulundu. Bu degerler siurlt bir ferromanyetik 6zellik gdstermesine ragmen
ZnO’nun sahip oldugu gelismis optik, elektronik 6zelliklerinden dolay1 optoelektronik ve medikal
goriintiileme uygulamalarinda 6nem arz etmektedir.

from both scientific and industrial community [1]. As a

1. INTRODUCTION

Nanostructures, which are the basic elements of
nanoscience and nanotechnology, have come to the fore
as important engineering materials in composite,
semiconductor, photocatalytic, magnetic, metal oxide,
and biomedical applications with their structural,
physical, chemical, and biological properties. Metallic-
based nanostructures have received intense attention

matter of fact, magnetic information storage has gained a
place in a wide range of areas from industrial
applications such as biomedicine and catalysis to new
applications in photonics, imaging, and biomedical field
[2]. Metallic or metal oxide nanostructures have been
extensively studied in recent years due to their specific
surface area and crystallinity. Metallic nanostructures
stand out in technological product developments with
their tunable and improvable properties such as melting
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points, electrical and thermal conductivity, light
absorption and scattering properties, optical sensitivity,
photocatalytic activity, and wettability. Zinc oxide
(Zn0O), which is a metal oxide, is a biocompatible metal
oxide resistant to corrosion and oxidation with its cheap
raw material, high crystallinity, synthesis at low
temperatures, high optical transmittance, and electrical
conductivity. With these significant properties, it has
become an important engineering material for
optoelectronics, solar cells, detectors, biosensors, drug
delivery, and biomedical applications [3]. lron-based
magnetic nanoparticles, especially FesO. as another
important metal oxide, are important materials used in
ceramics, catalysis, magnetic information storage,
medical imaging, drug delivery, biomedical applications,
and various electronic applications with their natural
magnetic properties. Thus, thanks to the unique and
compatible properties of their structures, FesO4 and ZnO
allow the production of a higher performance hybrid or
composite nanostructure in future applications. In
previous studies, sol-gel [4, 5], co-precipitation [6],
deposition [7], wet milling [8], microwave assisted [9],
and wet chemical [10] methods were used for the
synthesis of ZnO/Fes04 nanocomposites.

ZnO based nanostructures show good electric,
optoelectronic, and catalytic properties [11-13]. Fe3O4
nanoparticles illustrates superparamagnetic and/or
ferromagnetic properties depending on their size [14].
Decorating ZnO nanoparticles with FesO. give them
magnetic characteristics which enhance the application
range of the ZnO nanoparticles [6,10]. Therefore,
particles electrical and electronically active ZnO
nanoparticles with good magnetic properties can be used
in different applications such as magnetic filtering,
magnetic catalysis materials, etc [15]. Recently, the
hydrothermal method has started to be used for
producing nanosized hybrid materials. This method
allows the synthesis of different hybrid structures under
suitable pressure and temperature conditions without
disturbing the chemical structure of the materials [16]. In
the present study, the structural, morphological,
optoelectronic, and magnetic properties of ZnO@Fe;04
nanostructures obtained in different ratios (1:1 and 1:2)
using the hydrothermal method were investigated in
detail. SEM (scanning electron microscopy) and TEM
(transmission electron microscopy) were used in the
structural analysis. EDS (energy dispersive spectra) and
X-ray diffraction methods were used in the analysis of
chemical composition. UV-vis spectroscopy was used to
assess the energy band gaps. Vibrational sample
magnetometry was used in the investigation of the
magnetic characteristics.

2. MATERIALS AND METHODS
2.1. Materials and Measurements

Iron(ll) sulfate (FeSO47H.O, Sigma-Aldrich), zinc
acetate (Zn(CHsCO2)2.2H,0, Sigma-Aldrich) salts, and
urea (CO(NH).,, Sigma-Aldrich, PEG (polyethylene
glycol; MW=4,000), NaOH (sodium hydroxide) were
used for the synthesis of ZnO@Fe3;04 nanostructures. X-
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ray diffraction (XRD) patterns (RIGAKU miniflex600),
scanning electron microscope (SEM-HitachiSU3500),
high resolution transmission electron microscopy (HR-
TEM, Joel 2100 F), energy dispersive Xx-ray
spectroscopy (EDS, Oxford), UV-Vis spectrum (UV-
1800 ENG240V), and vibrating sample magnetometer
(Cryogenic Limited PPMS) were used for structural,
morphological, elemental, optical, and magnetic
characterizations, respectively.

2.2. Synthesis of ZnO Nanoparticles

After 1 g of PEG was dissolved in 20 mL of water, 2.19
g of Zn(CH3CO,),.2H,O salt was added. After
dissolution, 0.5 M 20 mL urea solution was added
dropwise. The resulting mixture was transferred to 50
mL capacity Teflon lined stainless steel autoclaves and
then heated in an oven at 150 °C for 12 hours. After
spontaneous cooling to room temperature, the precipitate
was rinsed with distilled water and ethanol and dried at
80 °C for 12 hours. The resulting solid was annealed in a
muftle furnace at 350 °C for 2 hours (with a temperature
increase of 2 °C/min).

2.3. Synthesis of Magnetic ZnO@Fe3Os Composite
Nanostructures

0.2 g of ZnO was dispersed in 20 mL of deionized water
in an ultrasonic bath. In a separate beaker, 0.328 g of
FeS0..7H,0 was dissolved in 20 mL of deionized water.
1.6 g of NaOH was added to it, and it was mixed for 10
minutes. Then the prepared solution was poured onto
ZnO. It was mixed in the ultrasonic bath for 5 more
minutes, taken to 50 mL capacity Teflon autoclave
coated with stainless steel, and kept at 150 °C for 12
hours. The resulting black precipitate was collected by
centrifugation at 8000 rpm for 20 minutes by use of a
centrifuge and washed with deionized water and absolute
ethanol several times. The precipitate was kept at 80 °C
for 12 hours (ZnO@Fe304-1:1). The same procedures
were repeated for 0.656 g of Fe;04.7H.0 and 3.2 g of
NaOH (ZnO@Fe304-1:2) [17-19]. Also, such process are
illustrated schematically in Fig. 1.
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Figure 1. Schematic representation of synthesized ZnO@Fe;0,
nanostructures using hydrothermal method
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3. RESULTS AND DISCUSSION

3.1. Morpho-structural Characteristic of
Nanostructures

The XRD graph of ZnO, Fe304, ZNO@Fe;04 (1:1), and
ZnO@Fe304 (1:2) nanostructures synthesized by the
hydrothermal method is given in Figure 2. As can be
understood from the XRD diffraction patterns obtained,
peaks characteristic to the ZnO and Fes;O4 structures
were also observed in ZnO@Fe3;04 nanostructures with
1:1 and 1:2 weight ratios. In the ZnO@Fe3:0,4 (1:2)
diffraction, the characteristic peaks became more evident
with the increase of FesO4 content. However, the ZnO
peak intensity decreased. In addition, the lack of any
impurity peak in the XRD diffraction patterns in these
structures indicates that they have high crystallinity. The
resulting XRD patterns were seen to be consistent with
the ZnO@Fes;04 nanostructures obtained by different
methods in the literature, but they gave better results in
terms of impurity [5,6], [20-22].

\—— ZnO@Fe304 (1:2)|

' |— ZnO@Fe304 (1: 1)\
. * J‘ l \ -'-,‘,-i. ‘e

— Fe304

M J\ *"'*"'
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Figure 2. XRD spectra of ZnO, Fe;04, and ZnO@Fe;0,4 nanostructures
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The synthesized SEM images of the ZnO nanostructures
containing different weight ratios of FesO, are shown in
Figure 3a and Figure 3b. As shown in the SEM images,
the ZnO and FesO4 structures were detected to have
composite character. In addition, TEM analysis was
carried out to check the nano dimensions of the
composite structures. The presence of different types of
structures was observed in the TEM analysis, as shown
in Figure 4a and Figure 4b. It was understood that 10-20
nm irregular spherical ZnO NPs accumulated around
Fes04 structures with 50-100 nm amorphous branches
[22].
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Figure 4. TEM photos of (2)-ZnO@Fe;04(1:1), (b)-ZnO@Fe;0,4 (1:2)

The EDS-spot and EDS-mapping results of the
hydrothermally synthesized ZnO@FezO. nanostructures
are shown in Fig. 5 and Fig. 6, respectively. Fe, Zn, O
were observed in the obtained EDS spectrum as shown
in Figure 5a and Figure 5b. Before the SEM
investigations Au sputtering was applied to the samples
which is a standard procedure used to enhance the
performance of the SEM. This is procedure cause a
visible Au peak in the EDS spectra. Such a peak is not
related to the structure of the nanoparticles. While the
percentages of the Fe, Zn, and O elements in the
ZnO@Fe304 (1:1) nanostructure were 38.9, 35.4, and
23.5, respectively, they were observed as 62.7, 16.8, and
19.4 in the ZnO@Fe304 (1:2) nanostructure. Addition of
Fes;04 at different weight ratios nearly doubled the Fe
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ratio in the structure. Moreover, in the EDS-mapping
images given in Figure 6a and 6b, color intensities are
presented based on the presence and content of the Fe,
Zn, and O phases in the ZnO@Fes:0s composite
structure.

. Spectrum 8
Wt% o
Fe 389 02
Zn 354 02
0 235 02
22 03

NN N O O O

5] Spectrum 11
Wt% o
Fe 62.7
0 194
Zn 168
10

Figure 5. EDS spectrum of (a)-ZnO@Fe;0, (1:1), (b)-ZnO@Fe;04
(1:2)

EDS Layered Image 4

10pm
Figure 6. (a) EDS-mapping spectrum of (a)-ZnO@Fe;04(1:1)
nanostructure
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Figure 6. (b) EDS-mapping spectrum of) ZnO@Fe;04(1:2)
nanostructure

3.2 Optical
Nanostructures

Properties of ZnO@Fe304

The optical absorbance data of the hydrothermally
produced ZnO, Fe304, and ZnO@Fe;04 nanostructures
scanned in the range of 200 nm-800 nm are shown in
Figure 7a,b,c,d. When the absorbance spectrum of the
ZnO nanostructure was examined, no significant
difference was observed. This can be attributed to the
very small nanosize of ZnO nanoparticles [23]. In Figure
7b, the absorbance peak of the FezOs nanostructure is
recorded as approximately 436 nm. These peaks are
consistent with those obtained in the literature [17],[24].
The absorbance peaks of ZnO@Fe3;O4 nanostructures
were detected to be 235 nm, 325 nm, and 380 nm,
respectively (Figure 7c-d). Furthermore, optical band
gaps of the nanostructures were estimated from
Einstein’s energy equation (1) [17, 25-27].

E;Lano - hC//1 (1)

where Eg" is the energy band gap of the nanoparticles,
c is the speed of light, h is Planck’s constant, and A is the
cut off wavelength obtained from the absorption spectra.
The direct energy band gap of the ZnO nanostructure in
Figure 6a was obtained as 2.3 eV. In general, single
crystal ZnO band gap is accepted as 3.34 eV. The value
obtained in the present study was considerably lower
than the value of 3.34 eV. The low values obtained in
similar studies in the literature were attributed to the
defects in the nanostructure [28]. The optical energy
band gap of the FesO. nanostructure was found to be 2
eV, which is consistent with the literature [17, 29].
Moreover, as shown in Figure 7c-d, the energy band gap
of ZnO@Fes0,4 nanostructures was determined around
2.1eV.
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Figure 7. Absorbance and band gap characteristics of ZnO (a), Fe;0,4
(b), ZnO@Fe;0, -1:1 (c) and ZnO@Fe;0, -1:2 (d) nanostructures

Tr. J. Nature Sci. Volume 11, Issue 1, Page 95-101, 2022

3.3.  Magnetic
Nanostructures

Properties of ZnO@Fes304

Magnetic hysteresis curves of ZnO@Fe;Os (1:1) and
ZnO@Fe304 (1:2) nanocomposite structures are shown
in Figure 8a and Figure 8b. While the magnetic
saturation value of the nanostructure synthesized at a
ratio of 1:1 was obtained as 3.76 emu/g, as shown in
Figure 8a, that of the nanostructure synthesized at a ratio
of 1:2 was obtained as 7.97 emu/g, as shown in Figure
8b. With the doubling of the FezO4 content by weight
ratio, that value approximately doubled as well.
However, these values are lower than those found just
for the FesO. nanostructures in the literature. In their
magnetic saturation measurements of Fe30,@Bi2S3
nanoflowers synthesized by the hydrothermal method,
Yetim et al., found a value of 89.8 emu/g for the Fe;04
nanostructure [17]. In a similar study, Karacam et al.
reported the magnetic saturation values of the Fes;O4
nanostructures as 87.7 emu/g and 90.7 emu/g [18]. The
magnetic value of the ZnO additive obtained in this
study decreased considerably. Sin et al. found the
magnetic saturation value as 2.81 emu/g in the ZnO@
FesO4 nanostructure they synthesized with a facile
surfactant-free method [30]. Dlugosz et al., reported the
magnetic  saturation value of the Fe304/Zn0O
nanostructure they synthesized with a microwave reactor
as 9.5 emu/g [22]. This study is consistent with the
values obtained in the literature. It is also known that the
ZnO structure does not have good magnetic properties.
However, it was revealed that a ferromagnetic property
was shown through the addition of ZnO to the FezO4
structure. These results are important especially in terms
of the use of ZnO@Fe;O4 nanostructures as contrast
agents in medical imaging applications [31, 32].

(a) ZNO@Fe;0,(1:1),

N W

Figure 8. (a) Magnetic hysteresis of ZnO@Fe;O, -1:1 nanostructure
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(b) ZNO@Fe;0, (1:2),

Figure 8. (b) Magnetic hysteresis of ZnO@Fe;O, -1:2 nanostructure
4. CONCLUSIONS

This study investigated the structural, morphological,
elemental, optical, and magnetic properties of
ZnO@Fe304 nanostructures  synthesized by the
hydrothermal method. ZnO@Fe3;O4 nanostructures were
successfully produced by the hydrothermal method. The
Zn0O and Fe30; structures were defined in the structural
characterization, and no impurity peaks were found. In
the morphological images, the presence of composite
nanostructures was revealed by both SEM and TEM
microscopy. The energy band gaps of the synthesized
ZnO@Fe304 nanostructures  were calculated as
approximately 2.1 eV. This value is important in terms
of being a potential nanomaterial in solar cell,
photodetector, photocatalysis, sensor, supercapacitor,
and optoelectronic applications, especially with its use in
semiconductor technology. In the magnetic susceptibility
measurements, the values of 3.76 emu/g and 7.97 emu/g
were calculated for ZnO@Fe304 nanostructures.
Although these values show a limited ferromagnetic
property, they may contribute to the medical imaging
applications of ZnO additive with advanced optical
properties.
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