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In this study, novel magnetically separable NiFe,O,@ZnO:Ti nanospheres were synthesized using the
heterogeneous nucleation of ZnO:Ti (Ti-doped ZnO) nanoparticles on NiFe,O, polycrystalline
nanospheres through the hydrothermal method. Structural and microstructural properties of the synthesized
polycrystalline nanospheres were investigated through Fourier-Transform Infrared Spectra (FTIR), X-Ray
Diffraction (XRD), Transmission Electron Microscopy (TEM), and Field Emission Scanning Electron
Microscopy (FESEM) using an Energy-Dispersive X-ray (EDX) spectrometer. The effect of calcination on
the magnetic and optical properties was also studied. The optical features of the synthesized nanoparticles
were recorded using UV-Vis spectroscopy, indicating the absorption peak in the visible region. The band
gap energy of pure ZnO, ZnO:Ti, and NiFe,0,@Zn0O:Ti before and after calcination was calculated as
3.21eV, 292 eV, 2.44 eV, and 2.04 eV, respectively. Further, Vibrating Sample Magnetometer (VSM)
was employed to examine the magnetic features, and the saturation magnetization (Ms) values of NiFe,O4
and NiFe,0,@ZnO:Ti non-calcined and calcined were obtained as 63.6 emu/g, 21.3 emu/g, and
15.3 emu/g, respectively. The findings revealed that calcination of NiFe,0,@ZnO:Ti nanospheres
improved the optical properties and reduced the band gap energy. However, NiFe,O, combination with
nonmagnetic matrix and calcination of NiFe,0.@ZnO:Ti nanoparticles decreased the Ms value and
response to the external magnetic field.

https://doi.org/10.30501/acp.2022.363261.1101

1. INTRODUCTION

frequently used in recent years due to its high potential of
charge carriers between the conduction band and valence

Considerable attention has been recently drawn to
semiconductor nanomaterials and spinel ferrite
nanocrystals due to their wide applications such as
photocatalytic degradation of dyes, photoelectric
devices, adsorption-membrane filtration, and sensors due
to their excellent optical and magnetic features [1,2]. A
remarkable semiconductor, Zinc oxide (ZnO), has been

band under light energy. Nevertheless, the wide band gap
energy (~ 3.37 eV) and excitation under UV radiation
that forms only about 10 percent of solar light are
significant drawbacks of ZnO nanoparticles [3,4]. Many
strategies, namely doping different atoms and coupling
with other compounds, were suggested to improve the
optical properties of these nanoparticles. Doping
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transition metals such as Fe, Ni, and Cu into the ZnO
crystal structure reduces the band gap energy level and
modifies the electronic  structure. When the
nanomaterials like CuO, CeO., and ZnFe;04 couple with
ZnO nanoparticles, a new band gap energy level is
formed for easy separation of photoinduced electrons in
the visible light region [5-9]. Spinel ferrite MFe;O4
(M = Mn, Fe, Co, Ni, ...) nanomaterials with high
chemical stability and large surface area are
characterized by remarkable superparamagnetic
properties [10-12]. In addition, coupling spinel ferrite
nanomaterials with semiconductors help reduce the band
gap energy and easy separation of catalysts under an
external magnetic field. Garima Vaish et al. [13].
synthesized MgFe,O4/TiO, nanocomposites using the
economic ultra-sonication method and identified
appropriate magnetic and optical properties for magnetic,
photocatalytic, and optoelectronic devices.

The present study aimed to synthesize novel magnetic
NiFe:0.@2ZnO:Ti nanoparticles using an in-situ
hydrothermal method and evaluate the effects of
calcination on nanocomposite optical and magnetic
properties. Monodisperse spherical NiFe204
nanoparticles exhibit high water solubility and large
saturation magnetization (Ms) due to Polyacrylamide
(PAM) as a hydrophilic polymer in the hydrothermal
process. Doping titanium atoms modify the band gap
energy of ZnO nanoparticles. Further, coupling ZnO:Ti
(Ti-doped ZnQ) nanoparticles with NiFe;O4 nanospheres
improves the optical properties and exhibits magnetic
properties. Subsequently, magnetic and optical features
of NiFe:0,@Zn0O:Ti nanospheres were studied before
and after calcination at 500 °C by UV-Vis spectroscopy
and VSM analysis.

2. MATERIALS AND METHODS

2.1. Materials

Nickel (I1) chloride (NiCl».6H.0), PAM, Mn=150000)
(C3HsNO)y, iron (1) chloride (FeCls.6H20), sodium
citrate (NasCsHs07.2H,0), urea (CH4N20), and ethanol
(C2HsO) were purchased from Merck Company
(Germany) to prepare NiFe;O4 nanoparticles. Potassium
hydroxide (KOH), methanol (CHsOH), zinc acetate
dihydrate  (Zn(CH3C0OO0),.2H,0), and  Titanium
Isopropoxide (TTIP) (Ci2H2804Ti) were also bought
from Merck Company to fabricate ZnO:Ti nanoparticles.

2.2. Synthesis of NiFe204

The super-paramagnetic NiFe,O4 nanoparticles were
synthesized through a modified hydrothermal method
[14]. FeCl5-6H20 (1 mmol) and NiCl:6H20 (0.5 mmol)
were added into 40 mL distilled water. Then, sodium
citrate (3 mmol), urea (6 mmol), and PAM (0.3 g) were
dissolved in the resultant solution, respectively. The
green obtained solution was stirred continuously until

PAM was entirely disintegrated. After a specific time, the
resulting solution was poured into a Teflon-lined
autoclave and maintained for 12 hours in an oven at
200 °C. Then, the brownish solution was centrifuged,
washed several times with ethanol and distilled water,
and left in an oven at 60 °C for three hours.

2.3. Synthesis of NiFe204@ZnO:Ti Nanoparticles

A hydrothermal technique was employed to fabricate
NiFe.0.@Zn0O:Ti nanospheres. In a typical preparation,
zinc acetate dihydrate (1.25 mmol) was dispersed in
40 mL methanol, and potassium hydroxide (2 mmol) was
added to this solution to adjust pH = 8. Then, 7.5 wt. %
of TTIP was put into the solution and stirred vigorously.
Next, 0.04 g of the as-prepared magnetic NiFe;O4
nanoparticles was sonicated and poured into the above
solution. The mixture was refluxed for five hours at
70 °C. Once the reaction was completed, the obtained
solution was hydrothermally processed in a Teflon-lined
stainless-steel autoclave for 12 hours at 180 °C. The
synthetic powders were gathered by centrifugation,
washed several time with deionized water (DI), and
maintained in an oven at 60 °C. Of note, ZnO and ZnO:Ti
nanoparticles were also synthesized without a NiFe;O.
core with the same method as that used for the reference
powders.

2.4. Characterization

The X-Ray Diffraction (XRD) patterns of the powder
were obtained using a multipurpose X-ray diffractometer
(PANalytical X’Pert Pro MPD) with Cu K, radiation
(. = 1.5406 A). In addition, Fourier-Transform Infrared
spectroscopy (FTIR; Perkin Elmer-Spectrum 65) was
employed to study the functional groups of the samples.
The microstructure and chemical composition of the
samples were investigated using (TEM; Philips EM208S-
100 kV) and (FE-SEM; TESCAN company, MIRA3)
with an Energy-Dispersive X-ray Spectrometer (EDS).
The magnetic features were evaluated by a vibrating
sample magnetometer (VSM; MDK company). In
addition, a UV-Vis spectrophotometer (JENWAY 6705)
was utilized to assess the optical properties.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis

Fig. 1 depicts the XRD patterns of ZnO, ZnO:Ti,
NiFe,04, and NiFe,0.@ZnO:Ti nanoparticles to study
the crystalline structure and phase identification. In the
XRD pattern of pure ZnO (Fig. 1a), the diffraction peaks
were observed at 20 = 31.8°, 34.5°, 36.3°, 47.6°, 56.7°,
62.9°, 66.4°, 68.0°, and 69.2° attributed to (100), (002),
(101), (102), (110), (103), (200), (112), and (201) crystal
planes of typical hexagonal wurtzite phase (JCPDS file
no. 36-1451) [15]. After doping Ti, the same peaks were
detected in the XRD pattern of ZnO:Ti, and insignificant
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Figure 1. XRD patterns of (a-b) pure ZnO and ZnO:Ti, and (c) non-calcined and calcined NiFe204@ZnO:Ti

peak shifting occurred due to the diversity of the ionic
radius between Ti** (0.068 nm) and Zn?* (0.074 nm)
(Fig. 1b). As demonstrated in Fig. 1c, the diffraction
peaks of NiFe;Os revealed 20 = 29.9°, 35.4°, 43.2°,
53.5°, 56.8°, 62.7° refer to (220), (311), (400), (422),
(511), and (440) crystal planes, thus proving the
formation of pure spinel phase (JCPDS file no. 19-0629)
[16]. Further, the mean grain sizes (D) of ZnO, ZnO:Ti,
and NiFe,O4 nanoparticles were measured through the
Scherrer equation [17]:

kA
D=
B Cos®

1)

where k denotes the shape factor whose value was
measured as approximately 0.9, A the wavelength of
X-ray, 6 the Bragg's diffraction angle, and [ the
diffraction peak width at the half maximum (FWHM).
Table. 1 lists the obtained grain sizes of the powders. The
XRD pattern of NiFe,0,.@ZnO:Ti nanoparticles (Fig. 1c)
shows the same diffraction peaks of the NiFe,O, and
ZnO:Ti nanoparticles without any extra peaks, thus
confirming the thorough formation of NiFe,O.@ZnO:Ti

nanospheres. However, in the XRD pattern of the
calcined NiFe;O,@Zn0O:Ti, the diffraction peaks of
NiFe20s and ZnO:Ti appeared distinctly with higher
intensity than that of the peaks of non-calcined
nanoparticles.

3.2. FTIR Analysis

The functional groups of NiFe.Os, ZnO:Ti, and
NiFe.0,@Zn0O:Ti nanoparticles were assessed using the
FTIR spectroscopy (Fig. 2). For all the prepared samples
spectra, the O—H stretching vibration band appeared at
about 3400 cm™. In the FTIR spectrum of NiFe;Os,
Fe-O stretching at 595 cm*, NH, deformation bands at
1656 cmt, and CH; deformation band at 1410 cm* were
detected that were attributed to the presence of the PAM
in the process of synthesis [18]. The characteristic peak
at 526 cm! is relevant to the Zn—O stretching band, and
the main characteristic peaks at 1348 cm, 1419 cm™,
and 1626 cm related to the C=0 mode of zinc acetate
were observed in the FTIR spectrum of ZnO:Ti [19].
Eventually, all the characteristic peaks of NiFe.O, and
ZnO:Ti nanoparticles appeared in the non-calcined
NiFe,0,@Zn0:Ti spectrum.
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Figure 2. FTIR spectrum of NiFe204, ZnO:Ti, and non-
calcined NiFe20:@ZnO:Ti

3.3. Microstructure Analysis

The microstructure, chemical composition, and surface
morphology of the as-prepared samples were analyzed
using FE-SEM and EDS analyses. As shown in Fig. 3a,

2500
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1 0ke

Figure 4. EDS spectrum and elemental mapping of non-calcined ZnO:Ti@NiFe204

ke

the ZnO:Ti nanoparticles are characterized by similar
spherical morphology with the mean particle size of 27
nm. The FESEM images of NiFe;O4 (Fig. 3b) indicated
well-distribution spherical nanoparticles with the mean
particle size of 200 nm. In addition, the presence of PAM
and citrate in the hydrothermal process led to the
formation of monodisperse nanospheres and prevented
random aggregation of NiFe;O4 nanoparticles. Fig. 3c
vividly illustrates the depaosition of ZnO:Ti nanoparticles
into the NiFe;Os nanospheres and coarsening of its
surface. Moreover, the particle size of non-calcined
NiFe,0,@Zn0O:Ti increased up to around 230 nm. As
demonstrated in Fig. 4, the FESEM e-maps of the
Energy-Dispersive X-ray spectroscopy (EDS) of non-
calcined NiFe,0.@ZnO:Ti proved the presence of Ni,
Fe, O, Zn, and Ti with homogeneous distribution.

The EDS spectra of the sample also confirmed the
presence of K atoms that attribute to KOH to adjust the
pH. The clear morphological images of non-calcined
NiFe0.@Zn0O:Ti nanoparticles were included in the
TEM analysis (Fig. 5). The TEM images of powders
confirmed the growth of a thin layer of ZnO:Ti
nanoparticles on the polycrystalline spherical NiFe;Oa
nanoparticles.
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Figure 5. TEM images of non-calcined ZnO:Ti@NiFe204 nanoparticles

3.4. UV-Vis Analysis

The optical features of ZnO, ZnO:Ti, and non-calcined
and calcined NiFe;O,@ZnO:Ti nanoparticles were
investigated using UV-Vis spectrometry. As shown in
Fig. 6a, pure ZnO can be simulated in the ultraviolet
region at 385 nm. However, the absorption peak of
ZnO:Ti nanoparticles tuned to the visible region at
456 nm. For NiFe.0,@Zn0O:Ti nanoparticles before and
after calcination, the absorption peaks have redshift to the
visible region at about 500 nm. The optical bandgap

—— calcined NiFe,0,@Ti-Zn0
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——Ti-doped Zn0

— Zn0
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energy (Eg) of the samples was obtained using Tauc
relation [20]:

(ahv)? = A(hv — Ey) )
where hv stands for the photon energy, a the absorption
coefficient, and A a constant. Fig. 6b illustrates the plot
of (ahv)? as a function of hv. The band gap value of ZnO
decreased after doping Ti, coupling with NiFe;O., and
calcination at 500 °C (as summarized in Table. 1).

—— pure ZnO
—— Ti-doped ZnO b
non-calcined NiFe,0,@Ti-ZnO
calcined NiFe,0,@Ti-ZnO

Energy (eV)

Figure 6. (a) UV-Vis spectrum and (b) Kubelka-Munk plots of samples

TABLE 1. Crystallite size (D), Particle size, Bandgap energies, Ms

Samples Crystallite Size (hm) Particle Size (nm) Band Gap (eV) Ms (emu/g)
XRD SEM UV-Visible Spectra VSM
NiFe;04 11 200 - 63.6
Pure ZnO 27 38 3.21 -
Ti-Doped ZnO 14 27 2.92 -
Non-Calcined NiFe,0,@Ti-doped ZnO - 230 244 21.3
Calcined NiFe,0,@Ti-doped ZnO - - 2.04 15.3
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According to the results, the bandgap of
NiFe,04@ZnO:Ti  nanoparticles after calcination
reached 2.04 eV. Of note, calcination significantly
decreased the band gap energy because of the
improvement in the substantial oxygen vacancy defects.

3.5. VSM Analysis

The magnetic features of NiFe;O4, non-calcined
NiFe,04@Zn0:Ti, and calcined NiFe;O4@2ZnO:Ti were
recorded using VSM analysis. Fig. 7 shows the magnetic
hysteresis curves of all samples with no coercivity or
definite  remnant  magnetization that  exhibits
superparamagnetic behavior at room temperature.
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Figure 7. Magnetic hysteresis loops of the samples

Pure NiFe,O4 nanoparticles are characterized by a high
Ms value of 63.6 emu/g (applied field sweeping from
—10 K to 10 K Oe) due to their small crystallite size.
Furthermore, NiFe,O4 composition with ZnO:Ti as a
non-magnetic material decreased Ms value to 21.3 emu/g
(applied field sweeping from —15 K to 15 K Oe). As a
result of calcination on the magnetic features of
NiFe;0.@Zn0O:Ti nanoparticles, the Ms value was reduced
by 15.1 emu/g (applied field sweeping from —15 K to
15 K Oe) due to the increasing crystallite size, non-uniform
particle distribution, and decreasing the surface to volume
ratio.

4. CONCLUSION

The magnetically separable  NiFe;Os@ZnO:Ti
nanoparticles were successfully synthesized using one-
step hydrothermal methods. The optical and magnetic
features of the prepared samples were examined through
the UV-Vis analysis, Kubelka-Munk plots, and VSM
analysis. The NiFe,0.@ZnO:Ti nanoparticles can be
excited in the visible region. Additionally, the band gap

value of pure ZnO decreased from 3.21 eV to 2.44 eV for
NiFe,04@Zn0O:Ti nanoparticles. Improvement in the
optical properties in the visible reign and decrease in the
band gap energy value by 2.04 eV were noticed followed
by calcination of NiFe,0,@ZnO:Ti. In addition, the Ms
value of superparamagnetic NiFe;O4 reduced from
63.6 emu/g to 15.1 emu/g after coupling with ZnO:Ti and
calcination at 500 °C. However, the as-prepared
nanoparticles exhibited an appropriate response to the
external magnetic field.

It should be noted that NiFe;0.@ZnO:Ti nanoparticles
exhibited proper photocatalytic performance, hence
widely used in environmental applications and
wastewater treatment. Moreover, the composition of
these nanoparticles with graphene and different polymers
could improve the photocatalytic activity under visible
light.
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NOMENCLATURE

< Absorption coefficient

A A constant

B Diffraction peak width at half maximum (FWHM)
D Average grain size

Eg Optical bandgap energy

Eq. Equation

hv Photon energy

k Shape factor

Ms Saturation magnetization

0 Natural logarithm of MSW generation
A Natural logarithm of population
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