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ABSTRACT

The iron oxide nanoparticles have been prepared by mechanical milling method using Logas natural sand as a raw
material. The products of ball milling were doped with Ni nanoparticles at different doping concentrations (0, 1, 2, 3, and 4
wt.%). The effect of doping concentration on the structural, magnetic, and optical properties was studied. The structural,
magnetic, and optical properties of the prepared samples were studied using an X-ray diffractometer (XRD), vibration
sample magnetometer (VSM), and UV-Vis spectroscopy, respectively. The X-ray diffraction pattern shows that the ball
milling product is hematite (a-Fe,O3;) nanoparticles and highly crystalline with a rhombohedral structure. It is very
interesting to find that Ni doping nanoparticles cannot change the structure of iron oxide nanoparticles however, the
average crystallite size decreases from 39.43 to 32.64 nm with increasing Ni doping concentration from 0 to 4 wt. %,
respectively. The crystallite size based on the dominant peak (104) varies as Ni doping concentration increases. The
magnetic properties of the samples show the ferromagnetic nature of the prepared nanoparticles. The saturation, remanence
magnetization, and coercivity increase with increasing Ni concentration. The optical band gaps calculated through UV-Vis
absorption measurements confirm that the decrease in crystallite size is accompanied by a decrease in the band gap value
from 2.03 to 1.92 eV as the doping concentration increases from 0 to 4 wt. %.This study demonstrates the simple way of

preparing Ni-doped iron oxide nanoparticles for environmental application.
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INTRODUCTION

Nanomaterials especially iron oxide
nanomaterials have attracted the attention of modern
researchers due to their wide range of technical
applications. Among various iron oxides of different forms
(FeO, Fe,O;and Fe;0,), the hematite iron oxides (o-
Fe,0;) in the size of nanoscale are of great importance in
technological and industrial applications [1]. Hematite
exhibits high stability under ambient conditions and
superparamagnetic behaviour [2,3] which has a wide range
of applications including photocatalysis[4]. The
applications of the iron oxide nanoparticles such as in
environmental applications require certain properties
which can be achieved by controlling the iron oxide
nanoparticles preparation. Various techniques have been
used to fabricate hematite nanoparticles of controllable
morphology for various applications. There are several
methods for preparing o- Fe,O; nanoparticles including
solar thermal,[5] laser pyrolysis,[6] thermal oxidation,[7]
hydrothermal[8] methods. However, the simplest way to
prepare hematite nanoparticles is the ball milling
method[9]. It was observed that iron oxide nanoparticles
show very different physical and chemical properties
depending on their microstructure, such as size uniformity
and crystallinity. Therefore, preparing magnetic

nanoparticles thatcan maintain size uniformity and
crystallinity is important. However, the development of a
simple, reliable, and low-cost methodology to prepare
magnetic iron oxide nanoparticles with controllable size
and size distribution remains a challenging task for
researchers.

For environmental applications, hematite (o-
Fe,O3) nanoparticles are preferable due to their small band
gap energy (2.1 eV)[10] and have ability to absorb visible
light. However, these nanoparticles still have some
limitations before applying them as photocatalysts. Several
ways have been developed to overcome these limitations.
One of them is to reduce the band gap of this type of iron
oxide nanopraticles by doping hematite nanoparticles
using different materials such as transition metal
elements[11]. For example, previous researchers[12] used
Sn, Nb, Pt, Zr, Ti, Zn, and Ni cations to modify the
magnetic, structural as well and morphology of hematite
nanoparticles using ball milling. Similar modifications
have been reported for iron oxide using cobalt[13]. This
modification may have the ability to control the structural,
magnetic, andoptical properties of iron oxide nanoparticles
and therefore can optimize them as catalysts. To modify
the properties such as structural, magnetic, and optical
properties of iron oxide nanoparticles, we report here the
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effect of undoped and Ni-doped iron oxide nanoparticles
based on Logas natural sand as a raw material on their
structural, magnetic, and optical properties prepared using
ball milling method.

EXPERIMENTAL METHOD

Raw Material and Chemical

For the preparation of iron oxide nanoparticles in
this study, Logas natural sand was used as a raw material.
The chemical used for doping the iron oxide nanoparticles
is Ninanoparticleswith apurity of 99.99% was purchased at
TokoPedia(www.tokopedia.com).

Preparation of Ni NI-Doped Iron Oxide Nanoparticles

Ni-doped iron oxide nanoparticles were prepared
using the ball milling method. To separate between iron
oxide and non-iron oxide particles, the sand sample was
processed using an iron sand separator (ISS) and NdFeB
magnet. The product was then milled using 4-stage ball
milling. The milling was carried out for 50 hours of each
stage. The iron oxide and non-iron oxide particles were
separated again using a NdFeB magnet from the product
of each stage. The product of the 4™ stage of ball milling
was divided into 5 parts with the same amount of weight.
Ni nanoparticles were prepared for 0, 1, 2, 3, and 4
wt.%relative to the weight of the ball milling product.
Each of these parts was milled together for20 hours.

Characterization Techniques

The prepared samples were characterized
usingXRD, VSM, and UV-Visible Spectrophotometer.
The XRD measurements were carried out using Cu-Ko
radiation (1.5408 A°). The scan range 260 was from 10° to
100° at a scan speed of 5.0985°/min and step width of
0.01°. The crystallite size was calculated using Scherrer
equation (1), that is

where A is X-ray wavelength, k is constant 3 is the full
width at half maximum (FWHM) and 6 is Bragg's
diffraction angle. The magnetic property of the samples
was investigated using VSM with an applied magnetic
field ranging from -20.0000e to 20.0000e. The UV-Vis
absorption spectra of all the samples were obtained and the
scanning range for the samples was 185—1100 nm.

RESULTS AND DISCUSSIONS

XRD Analysis

The XRD diffraction patterns of undoped and (1-
4 wt.%) Ni-doped iron oxide nanoparticles are shown in
Figure-1. The sharp and single diffraction peaks of the
XRD pattern of the undoped sample shown in Figure-1(A)
confirm the formation of crystalline a-Fe,0;. The various
diffraction peaks of undoped iron oxide nanoparticles at 26
23.96°, 32.79°, 35.38°, 40.49°, 49.02°, 53.42° 56.76°,

61.83° and 63.48° correspond to the refection from (012),
(104), (110), (113), (024), (116), (122), (214) and (300)
crystal planes, respectively. These peak positions
correspond to the standard Bragg positions of hexagonal
a-Fe,O5[14] which is in good agreement with the JCPDS
No. 89-8103. The sharp and large intensity peaks observed
in the XRD pattern indicate the formation of a highly
crystalline hexagonal phase. It also can be noticed from
Figure-1 that a small shift of the diffraction peaks occurs
in most peak positions to slightly lower angles are

observed for nickel-doped samples.
Thisshiftofpeakpositionstoslightly
loweranglesisshownintheinsetpatternsforthe expanded

diffraction angle of 32.5°- 33°. This finding can be
explained due to the milling and the formation of the
nickel phase in the samples[15].

Figure-2 shows the XRD patterns of 4 wt.% Ni
doped iron oxide nanoparticles and the insert is an XRD
pattern for pure hematite (a-Fe,O3) as a comparison. The
main peaks of 4 wt.% Ni doped iron oxide nanoparticles
appear the same as those of undoped iron oxide
nanoparticles andpure hematite (o-Fe,O;) nanoparticles
inset in Figure-2. The average crystallite size and
crystallite size for (104) reflection are estimated using
Scherrer’s formula[16] equation (1) of the Ni-doped iron
oxide nanoparticles. The average crystallite sizes and
crystallite size of (104) reflection of undoped and Ni-
doped iron oxide nanoparticles decreases with increasing
Ni concentration as shown in Figure-4. The decrease in the
crystallite size is due to the enhancement in the density of
nucleation  centre in Ni-doped  iron  oxide
nanoparticles[17]. The phase containing dopants (1-3
wt.% Ni) is observed in diffraction patterns
especially(111) reflection as shown in Figure-1(B-E),
which showed successful formation of ironoxide-nickel
nanoparticles using ball milling. Moreover, in the Ni-
doped sample with a concentration of 4 wt.%, the XRD
patterns show an additional peak at a diffraction angle of
51.95°whichcorresponds to the reflectionplane (200) as
shown in Figure-2 which is characteristic of Ni (JCPDS
no. 04-850)[18]. Therefore, the Ni dopant alters the
crystallinity but not the crystal structure of iron oxide
nanoparticles. The intensity of peaks (104) is gradually
decreased with the Nidoping concentration as shown in
Figure-3. Comparing the XRD patterns of undoped and
Ni-doped nanoparticles of Figure-1, it can be seen that the
higher the concentration of Ni added, the smaller the XRD
spectrum intensity.
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Figure-1.XRD patterns of Ni-doped (A) 0, (B) 1, (C) 2,
(D) 3, and (E) 4 wt.% iron oxide nanoparticles. The inset
patterns show the expanded diffraction angle of 32.5°-33°
showing a shift of peak position to slightly lower angle.

By comparing the FWHM values, it can be found
that the lower the diffraction peak, the higher the FWHM.
By increasing Ni concentration, the FWHM of the samples
first increases and then decreases and then slightly
increases. This behaviour may be due to the change in
diffraction intensity caused by the addition of Ni
nanoparticles.
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Figure-2. The XRD diffraction patterns of 4 wt.% Ni
doped iron oxide nanoparticles. The inset pattern shows
pure hematite (a-Fe,O;) nanoparticles showing high peak
intensity.
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Figure-3. Variation of FWHM and intensity of peak (104)
as a function of Niconcentration (wt.%) of iron oxide

nanoparticles.
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Figure-4. Variation of crystallite size (a) average and (b)
peak (104) as a function of Niconcentration (wt.%) of
iron oxide nanoparticles.

Magnetic Properties

The magnetic properties of undoped and Ni-
doped iron oxide nanoparticles were studied using a
vibration sample magnetometer (VSM) with an applied
magnetic field ranging from -20,0000e to +20,0000e.
Figure-5 shows the hysteresis loops of undoped iron oxide
nanoparticles. It is seen that the hysteresis loop exhibits
weak ferromagnetic behaviour which agrees with previous
observations in earlier works [19]. Figure-6 shows the
hysteresis loops of Ni-doped iron oxide nanoparticles with
different Ni concentrations (wt.%), which exhibit weak
ferromagnetic behaviour. A similar typeof weak
ferromagneticphenomenon is also observed in cobalt iron
oxide nanoparticles reported by previous work[19]. From
the hysteresis loops, thesaturation magnetization (M),
remanent magnetization (M,), and coercivity (H.) were
calculated and theresults are presented in Figure-7. The
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saturation magnetization and remanent magnetization of
undoped iron oxide nanoparticles were observed at around
0.658 emu/g and 0.091 emu/g, respectively. The undoped
iron oxide nanoparticles have a coercivity of about 120,23
Oe which is lower than that reported in previous
literature[21]. Ms, Mr, and Hc values of the samples
increasewhen the concentration of Ni is increased. In
comparison, the saturation magnetization value of
undoped iron oxide nanoparticles is slightly smaller than
that of the pure hematite nanoparticles reported by
previous researchers [22]. This is due to several factors
such as size, crystalline and crystal defect[23], and the
pureness of prepared iron oxide nanoparticles. The smaller
coercivity for Ni-doped samples compared to that of other
researchers[24] can be attributed to the difference in
morphological properties and reduced magneto-crystalline
anisotropy.

0.8 -
0.6
0.4 |
0.2 |

0.0

0.2 “ -

0.8 . /
"

-0.6 | az /

—
-0.8 -

Magnetization (emulg)

T T T T
-20000 -10000 1] 10000 20000
Applied Magnetic Field (Oe)

-1.0

Figure-5. Hysteresis curves ofundoped iron oxide nano
particles. The inset: magnification of the low-field region.
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Figure-6. Hysteresis loops of Ni-doped iron oxide nano
particles with different Ni concentrations (wt.%).
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Figure-7. Saturation, remanent magnetization, and
coercivity of iron oxide nanoparticles as a function
ofNi concentration (wt.%).

Optical Properties

UV-visible optical absorption spectra of undoped
and Ni-doped iron oxide nanoparticles measured in the
range of 180-1100 nm wavelengths are shown in Figure-
8.0ne absorption edge is observed between 200-300 nm
for the samples. The absorption edges disappear as the
wavelength increases. The intensity of the absorption peak
increases with the increasing Ni concentration, as reported
in the previous work[25].Strong absorption at wavelength
218, 233, 245, 264, and 233 nm is observediniron oxide
nanoparticles for 0, 1, 2, 3, and 4 wt.% Ni doping,
respectively. The strong absorption is found to shift
towards higher wavelengths which are associatedwith
lower energies as Ni concentration increases. According to
previous researchers[26], this absorbance characteristic of
nanoparticles depends on particle size, band gap, structure,
and surface roughness.

The band gap values for absorption peaks of iron

oxide nanoparticles are calculated from Tauc’s
relation[27]
ahv =A\JEg—hv.......co..ooooiii 2)

where h is Planck constant, v is frequency, o is the
absorption coefficient n - either 1/2 for a direct transition
or 2 for an indirect transition and A is the absorbance.
Nanoparticles of a-Fe,Ozhave a direct band gap (n =
2)[28]. The band gap (Eg) of the samples is calculated
from the intercept of the linear part of the curve in the plot
of (ahv)? on the y-axis versus photon energy (hv) on the
x-axisas shown in Figure-10. The corresponding band gap
and absorbance are shown in Figure-9. The band gap of
undoped iron oxide nanoparticles is found to be 2.03 eV,
which is smaller than that reported value of 2.1 eV in a-
Fe,O3nanoparticles[10] and it decreases with increasing Ni
doping concentration. The calculated band gap of Ni-
doped iron oxide nanoparticles is in agreement with
previous researchers[29]. Ni doping can narrow the optical
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band gap value of iron oxide nanoparticles. The decreased
band gap could be due to the increase in densityof the
localized state in theconduction band[30]. The crystallite
size reduces the band gap of nanoparticles, which is in
good agreement with previous researchers[31]. This is
because, with a decrease in particle size and average
crystallite size, the band gap of the samples decreases.
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Figure-8. UV-visible spectra of undoped and Ni-doped
iron oxide nanoparticles as a function of nickel
concentration (wt.%).
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Figure-9. Absorption peaks and band gap of undoped and
Ni-doped iron oxide nanoparticles as a function of nickel
concentration (wt.%).
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Figure-10. The optical band gap energy for (a) undoped
and (b) 1 wt.%, (c) 2 wt.% (d) 3 wt.%, and (e) 4 wt.% Ni
doped ironoxide nanoparticles.

CONCLUSIONS

In summary, undoped and Ni (1-4 wt.%)
dopediron oxide nanoparticles based on Logas natural
sand as a raw material were successfully prepared by a
simple mechanical milling method. Structural studies
revealed that particles are crystallized in the single-phase
rhombohedral crystal structure of a-Fe,O;. The average
crystallite size and crystallite size of (104) peak decreases
with increasing Ni concentration. When the amount of Ni
was added in iron oxide nanoparticles from 1 to 4 wt.%, a
newpeak (111) was detected by XRD. However, an
additional Ni peak (200) is observed for 4 wt. % Ni-doped
iron oxide nanoparticles. The intensity of this (111) peak
increases with increasing amount of Ni concentration. The
existence of diffraction peaks related to the Ni and iron
oxide nanoparticles showed a successful mechanical
milling method to form iron oxide-Ni nanoparticles. The
magnetic studies confirmthe ferromagnetic nature of the
samples. The saturation, remanent magnetization, and
coercivity of the samples increase with increasing Ni
concentration. The optical band gap decreases with
increasing Ni concentration. Optical absorption studies
indicated higher wavelengths which are associatedwith
lower energies as Ni concentration increases. The results
indicated that the obtained iron oxide nanoparticles
prepared by simple mechanical milling method as
potential materials for environmental applications.
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