VNU Journal of Science: Mathematics — Physics, Vol. 33, No. 1 (2017) 14-21

Synthesis, Magnetic Properties and Enhanced
Photoluminescence of Fe;0,-Zn0O Heterostructure
Multifunctional Nanoparticles

Chu Tien Dung*?, Luu Manh Quynh', Tran Thi Hong®, Nguyen Hoang Nam*”

Faculty of Physics, VNU University of Science, 334 Nguyen Trai, Thanh Xuan, Hanoi, Vietnam
“Department of Physics, University of Transport and Communications, 3 Cau Giay, Hanoi, Vietnam
%VNU University of Science, 334 Nguyen Trai, Thanh Xuan, Hanoi, Vietnam

Received 10 January 2017
Revised 25 February 2017; Accepted 20 March 2017

Abstract: In this paper, Fe;04,-ZnO heterostructure multifunctional nanoparticles (NPs) were
successfully prepared in aqueous solution by ultrasound assisted thermolysis. First, iron oxide
(Fes0,4) magnetic NPs were prepared by co-precipitation method. The FesO, NPs were modified
by 3-aminopropyltriethoxysilane (APTES) to have free amine (-NH,) groups on their surface,
then, Zn?* ions were added and stirred to adsorb onto the surface of Fe;0,-NH, NPs in alkaline
solution at a pH of 11. This solution was decomposed through thermolysis in ultrasound bath. The
results of measurements show that photoluminescence of Fe;04-ZnO heterostructure
multifunctional NPs was enhanced in visible light at 565 nm wavelength to allow detection,
labeling, diagnosis, and therapy in biomedicine. Moreover, they exhibit superparamagnetic
properties of FesO, with high saturation magnetization (Ms), which can be used for seperation
application in biomedicine under an external magnetic field.

Keywords: Fe;0,-Zn0, multifunctional nanoparticles, heterostructure, enhanced
photoluminescence.

1. Introduction

In recent years, multifunctional nanoparticles (MNPs) based on fluorescent, magnetic, and
plamonic nano-materials are becoming very important materials, which have been a hot research field
in material sciences. Among these MNPs, the NPs combining luminescent and magnetic are the most
popular because of their wide variety of applications in magnetic resonance imaging (MRI), targeted
drug delivery, separation, biodetection, and photodynamic therapy [1-4].

For the magnetic obligation, FesO4 NPs are one of the most studied popular materials, are due to
not only their novel properties such as superparamagnetism but also for their potential applications
such as MRI constrast agent [1], separation [2], and hyperthermia therapy to targeted delivery [3]..
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Furthermore, quantum dots (QDs) are particularly attractive for the luminescent properties because of
their tunable emission peak, high photoluminescence quantum yield, and remarkable photostability [5-
7]. The QDs are ideal materials for using as luminescent probes for bioapplications [2-4,8-10]. Among
these QDs, zinc oxide (ZnO) NPs emerge with unique physical and chemical properties such as high
chemical stability, high photoluminescence, bio-compatibility, and nontoxicity [5,8,9]. Therefore, it
would be significant to combine the Fe;O, NPs with the QDs to form the MNPs with potential
applications for detecting, labeling, and separating biological entities by using luminescence imaging
method under an external magnetic field [4]. Nowadays, the MNPs such as Fe,05-CdS, Fe;0,-CdS
have synthesized extensively [11, 12]. Although these magnetic-optical materials have disadvantage
due to unbiocompability, toxicity of the QDs (CdSe, CdS), and complicated synthesis protocol [6,13].

Herein, we have synthesized Fe;04-ZnO heterostructure MNPs in aqueous solution by ultrasound
assisted thermolysis and investigated their characterizations. It is promised that the MNPs are an ideal
system for bioapplications because of their superparamagnetic feature and enhancing luminescent
properties.

2. Experimental

The Fe;0, was synthesized by co-precipitation method using Fe?*/Fe®* with 1:2 molar ratios from
the two chloride salts of FeCl, and FeCl;, was evenly dispersed in ethanol according to our
research [14].

10.5 mg Fe3O, was equally dispersed in 20 ml ethanol by ultrasound waves, before 5.5 ml
ammonia solution 28% and 4.5 ml aminopropyltriethoxysilane H,N(CH,)sSi(OC,Hs)s; (APTES) were
added and vibrated in ultrasound bath with keeping stable temperature at 45°C to form —O-Si—(CH,)s—
NH, group onto the surface of the Fe3O, NPs [15]. The solution is then washed several times with
ethanol to collect Fe30,—NH,.

The Fes0,~NH; were dispersed in 20 ml ethanol by ultrasound waves before ammonia solution
28% was added to have solution at a pH of 11. Then, 1ml ion Zinc (Zn®") 0.2 M was injected and
stirred to adsorb onto the surface of the Fe;O4-NH,. Finally, this solution was decomposed through
thermolysis in ultrasound bath for 2h. The Fe;04-ZnO NPs were collected after washing several times
with ethanol and distilled water.

ZnO NPs was synthesized at the same condition with the Fe304,-ZnO sample. As, 1ml ion Zinc
(Zn**) 0.2 M was injected, stirred in 20 ml Ethanol at a pH of 11, was then decomposed through
thermolysis in ultrasound bath for 2h. The ZnO NPs were collected after washing several times with
ethanol and distilled water.

The crystalline structure was observed by x-ray diffraction (XRD), recorded by using a SIEMENS
D5005 (Bruker-Germany) diffractometer. To study the formation of chemical bonds in the Fe;O,,
Fes0,~NH,, ZnO and Fe;0,-ZnO NPs, Fourier transform infrared (FTIR) spectroscopy measurement
was carried out on 8400S Shimadzu-Japan. Sample qualitative and quantitative compositions were

investigated by using energy dispersive x-ray spectroscopy (EDS), obtained with ISIS 300 system
(Oxford - UK). The size and morphology of the Fe;O, and Fe;0,-ZnO were investigated by a JEOL
JEM-1010 transmission electron microscope (TEM), which was operated at 80 kV. The magnetic
hysteresis loops of samples were characterised by vibrating sample magnetometer (VSM) on Digital
Measurement Systems 880 (from USA). Photoluminescence (PL) spectra were recorded by using an
Fluorolog FL3-22 (Jobin-Yvon-Spex, USA) spectrophotometer.
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Figure 1. XRD of Fe;04 (a); ZnO (b); Fe304-Zn0O (c); insets show zoom-in overlap spectra of all samples at
34.6°-37.5° (d) and 55°-59° (e).

3. Results and discussion

The phase and crystallinity of the as-prepared samples were shown in Figure 1. In the Figure 1(a)
shows the XRD patterns of the Fe;0,. Six diffraction peaks observed at 30.03°, 35.49°, 43.35°, 53.55°,
57.39° 62.87°, marked by their Miller indices (220), (311), (400), (422), (511), and (440) respectively.
They can be well indexed to the face centered cubic spinel structure of the Fe;O, in JCPDS cards No.
19-0629. Average lattice parameter of the Fe;O, crystal was calculated as @ = 8.36 A, which is in
agreement with published results [16]. Average crystalline size of the FesO, was calculated as
D = 7.8 + 2.7 (num) from the full width at half maximum (FWHM) of the most intense diffraction
peaks by using the Debye-Scherrer equation [16]. In the Figure 1(b), the peaks located at
268 = 31.83° 34.47° 36.32° 47.57° 56.68° 62.91° 66.45° 68.01° and 69.13° were
respectively indexed to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) diffraction
planes of ZnO crystals with a hexagonal wurtzite structure when compared to the standard diffraction
in JCPDS cards No. 36-1451. The average lattice parameter of the ZnO is calculated as @ = 3.25 A
and &= 5.21 A, which are consistent with reported papers [5,9,10]. The XRD patterns of the Fe;0,-
ZnO MNPs in the Figure 1(c) shows that it has discernible diffraction peaks locating at
31.81° 34.47° 36.14° 47.53° 57.02° 62.84° 67.95° and 69.09°, were indexed to
diffraction planes of the ZnO. In the Figure 1(c) exposes very low diffraction peaks locating at 30.07°
and 53.64° were indexed to diffraction planes of the Fe;O,. Moreover, the diffraction peaks of the
Fes04-Zn0O were broaden to cover simultaneously diffraction peaks of the Fe;O,4and the ZnO. In the
Figure 1(d-e), insets show zoom-in overlap spectra of the Fe;0,, ZnO, and the Fe;04-Zn0O at 34.6°-
37.5° and 55°- 59° respectively, indicating that the MNPs compose of crystallite the Fe;O, and the
ZnO. Herein, the ZnO NPs is deposited onto the surface of the Fe;O4,-NH, to form shell layer
covering the Fe;O,4 core, which hinders x-rays from penetrating deeper into the Fe30,-ZnO NPs.
Hence, a direct observation of the Fe;O, phases cannot be clearly seen [17].
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Figure 2. TEM image of Fe3z0, (a); Fe;04-Zn0 (b)

Figure 2(a) is a TEM image of the as-prepared Fe;O, NPs. It reveals almost homogeneous,
relatively spherical shape and a diameter of 6 nm to 14 nm, which is consistent with calculation from
XRD patterns for the diameter of the Fe3O4 NPs. The TEM image of the Fe;O4,-ZnO MNPs in Figure
2(b) shows that in red circles, it can be seen two parts: interior part is high contrast, which may be the
FesO, modified by APTES; exterior part is lower contrast, which may be the ZnO nanocrystals.
Agglomeration of the Fe;04-Zn0 as presented in Figure 2(b) can be due to modification of the Fe;0,
NPs with APTES and the existence of small remanence magnetization of the Fe;O,4 [15].
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Figure 3. Energy dispersive x-ray spectro-scopy of Fe;0,-Zn0O and insert table of percent
of elements composition.

Figure 3 displays energy dispersive X-ray spectroscopy of the Fe;0,-ZnO MNPs and insert a table
of percent of elements composition. The presence of Fe and Zn determines that the MNPs are
simultaneously composed of the Fe;O4, ZnO nanocrystals. Furthermore, the existence of C and Si
provide direct proof for the successful modification of APTES on the surface of the Fe;O, NPs.

Figure 4(left) shows FTIR spectra of the Fe;0,4, Fe304-NH,, ZnO and Fe;04-ZnO samples. It can
be seen that in the Fe;0,4, Fes0,-NH,, and Fe;O4-Zn0O samples have absorption peaks aroud 425 cm?,
628 cm™ corresponding to the Fe-O vibration of the Fe;0, phase [18]. Peak at 628 cm™ has shifted to
650 cm™ in the Fe;0,-NH, samples, which is clear evidence to prove the successful modification of
APTES on the surface of the Fe;0,, and agrees well with the result from the EDS [19].
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Figure 4. FTIR (left) and Raman shift (right) spectra of Fes0,4; Fes04-NH,; ZnO and Fe;0,4-Zn0O.
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Figure 5. Photoluminesences spectra of ZnO (a); Fe304-Zn0O (b) and inset shows
luminescence image using excited laser beam 325 nm wavelength.

Further, the band at 1012 cm™ and 1223 cm™ only observed in the Fe;O4-NH,, are assigned to
stretching vibrations of Si-O-Si [15, 19] and vibration of —CH, [18]. And shoulder at 1072 cm™ is
corresponding to stretching vibrations of C-N, which is relating to the —(CH,)s—NH, group onto the
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surface of the Fe;O,. The peaks at 1384 cm™ are because of the existence of CO, molecule in air [20].
The peaks, observed between 1450 cm™ and 1700 cm™, are allotted the crucial stretching mode of OH
[18]. These vibrations indicate the presence of H,O molecules on the surface of the all samples. On the
other hand, the band at 556 cm™ and 712 cm™ is only observed in the ZnO and Fe;0,-ZnO samples,
can be attributed to the Zn-O stretching mode in the ZnO lattice [20,21]. Interestingly, the peak of the
Fe-O vibration in the Fe;0,-ZnO MNPs has lower absorption intensity than in the FesO4 and the
Fes04-NH,, which indicates that ZnO nanocrystals are assembled onto the surface of the Fe;04-NH,.
Combining with XRD results, it is concluded that the as-prepared Fes04-ZnO MNPs have core-shell
structure.

Raman spectroscopy is useful to probe the local structure. Figure 4(right) presents the Raman
spectra of all samples. The sharp peak at 204 cm™, 287 cm™, and 611 cm™, only observed in the Fe;0,
and the Fe;0,-NH, samples, are characterization of the T4, Eg, and A,y modes of the Fe;O,4 [22]. The
intense Raman shift peaks at 998 cm™ and 1601 cm™ in the Fe;0,-NH, sample are corresponding to
vibration of Si-C [23] and C-C [24], allowing to determine the existence of —O-Si—(CH,)s—NH, group
onto the surface of the Fe;O, NPs, which is suitable to the results of FTIR. Raman shift spectrum of
the Fe;0,-ZnO MNPs shows that the intense and sharp peaks at 332 cm™ and 438 cm™ are
characterization of the E,(high) - E,(low) and E,(high) modes of the hexagonal ZnO crystalline
structure, which are agreement with that of the ZnO sample [25, 26]. The high frequency E,(high)
mode involves the vibration of oxygen atoms, which is attributed to low intrinsic defects only
associated with oxygen such as oxygen vacancies (Vo). In addition, the stronger intensity of the
E,(high) peak is the better quality crystals [25, 26]. The low peak observed at 207 cm™, is assigned to
the 2TA mode of the ZnO nanocrystals and is the agreement with T,4 mode in the Fe;O, [26]. These
results indicate that ZnO nanocrystals coat surrounding of the FesO, NPs, which is consistent with the
results of XRD and FTIR.
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Figure 6. The magnetic hysteresis loops of Fe304 (a); Fes04-NH, (b) and Fe;0,4-Zn0O (c) at room temperature.

Figure 6 presents the room temperature PL spectra of the ZnO NPs and the Fe;0,-ZnO MNPs. The
PL spectra shows a broad emission spectrum covering from near ultraviolet to whole of the visible
region. All the samples show a small ultraviolet emission peak at approximately 387 nm (equivalent to
3.2 eV), which can be attributed to the near band edge transitions in the ZnO nanocrystals, originating
from the recombination of free exciton through an exciton-exciton collision process [27]. Whereas the
visible band emission is known to be due to an electronic transition from the conduction band edge to
a defect of associated trap state such as an oxygen vacancy, which is consistent with the appearance of
E.(high) mode in Raman shift spectra [28, 29]. Nevertheless, intensity of visible band emission in the
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Fes04-ZnO MNPs was enhanced and was higher than that of the ZnO many times. It can be explained
that the formation of core-shell structure of the Fe;04-ZnO MNPs makes trap states, as suggesting
valence band and conduction band of the Fe;O,4 core [26]. So, the center of visible band emission at
565 nm (equivalent to 2.21 eV) in the Fe30,-ZnO MNPs is attributed to can be due to an electronic
transition from the conduction band edge of the ZnO nanocrystal to the trap states such as conduction
band edge of the Fe;O,4 core. With high photoluminescence in visible light, the Fe304,-ZnO MNPs are
promised application for biosensor [10,26], bioimaging [8,9].

The magnetic hysteresis loops of the Fe;0,, Fe;O4-NH,, and the FesO4,-ZnO were measured at
room temperature, were displayed in Figure 6. The Ms of the Fe;0,, Fe;04-NH,, and the Fe;O4-Zn0O
have value as 51.8, 40.9, and 19.6 (emu/g), respectively. The decrease of the Mg values can be
explained by the successful modification of the APTES on the surface of the Fe;O, NPs and the
formation of ZnO nanocrystals surrounding the Fe;O4,-NH,. This results can be comfirmed that the
MNPs contain simultaneously the Fe;O4 and the ZnO nanocrystals. In the Figure 6 shows that the
Fes04, Fes04-NH,, and the Fe;0,-Zn0O are superparamagnetic at room temperature with high Ms and
small coercivity (approximately 7 Oe). The magnetic properties results in that the MNPs can be tagged
and separated with biomolecules or targeted drug delivery and magnetic resonance imaging (MRI)
under the induction of an external magnetic field [3,16].

4. Conclusion

In this paper, the Fe;04-ZnO MNPs were successfully synthesized in aqueous solution by
ultrasound assisted thermolysis. The MNPs compose of the magnetic Fe;O, NPs and the
photoluminescent ZnO nanocrystals. Moreover, the MNPs not only enhance PL in visible light but
also exhibit superparamagnetism with high saturation magnetization at room temperature. These
MNPs can make wide variety of applications for biomedical.
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