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ABSTRACT

The cobalt doped hematite (0-Fe,O;) nanoparticles have been prepared by ball milling method using Logas
natural sand as a raw material. The milled hematite nanoparticles were doped using cobalt with concentration of 0, 5, 10,
15 and 20 wt. %. The optical, structural and magnetic properties were studied using Uv-Vis spectroscopy, X-ray
diffractometer (XRD), and vibration sample magnetometer (VSM), respectively. The optical properties strongly depend on
cobalt content and showed that the band gaps of cobalt doped hematite decrease with increasing cobalt content. The
samples exhibited weak ferromagnetic behaviour with the coercivity ranged from 124 Oe to 299 Oe. The XRD
measurements confirmed the formation of crystalline, rhombohedral crystal structure and hematite nanoparticles. The
samples show cobalt-hematite nanoparticles as indicated through XRD measurement. The average crystallite size
calculated using Scherrer formula found to be 38.51, 35.67, 33.75, 32.73 and 31.53 nm after being doped with cobalt 0, 5
and 10, 15 and 20 wt. %, respectively. Some other elements such as silicon and titanium and others elements were
detected, which demonstrates that these milled samples are not purely hematite as confirmed by X-Ray Fluorescence

Spectroscopy (XRF) results.
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INTRODUCTION

Magnetic iron oxides have been the subject of
current research since they can be obtained from natural
sand [1]. These oxides exist in nature in many forms;
however, the most common forms are magnetite (Fe;Oy),
hematite (a-Fe,O;) and maghemite (y-Fe,O;) [2]. In a
nanometer size, magnetic iron oxide particle has a super
paramagnetic property [3] which makes them to be uses in
broader application started from catalysts [4] to
biomedical applications [5, 6] and environmental
remediation [7]. Many different methods preparing of
hematite nanoparticles such as hydrothermal [8], chemical
precipitation [9], microwave, [10] and ball milling [11-13]
has been currently presented. The most common method
for the preparation is ball milling [14]. in this method
initially larger grain sizes of the sample are reduced to
nanometer scale particles by mechanical means. The
advantage of using this method is simple, efficient, high
yield and low cost compared to other methods. Previous
researchers [14, 15] have used ball milling method to
produce magnetic iron oxide nanoparticles. For example,
[15] used ball milling method to prepare 39.2 nm o- Fe,0;
nanoparticles directly from Logas natural sand and found
that the a-Fe,O3 nanoparticles has a hexagonal structure.

Magnetic properties, phase and morphology of
the obtained particles are depended on time, speed and
types of milled balls [14]. One of the most important
parameters for controlling the magnetic properties of
magnetic iron oxide nanoparticles is the size of the
particles. However, 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. According to
previous researchers [16], when transition metal elements
doped into nanoparticles, they alter the optical, magnetic
and structural properties of the nanoparticles. Moreover,
doping methodology and selection of doped element
influence the optical, magnetic and structural properties of
magnetic iron oxide nanoparticles. In this paper, we have
investigated the optical, magnetic and structural properties
of undoped and cobalt doped magnetic iron oxide particles
of natural sand from Logas, Kuansing District, Riau
Province using ball-milling method for environmental
application.

EXPERIMENTAL PROCEDURE

Natural sand samples were collected from Logas-
Kuansing Regency-Riau Province. The amount of non iron
oxide particles of the samples were reduced using iron
sand separator (ISS). The obtained iron oxide particles
were milled using 2-stage ball milling method. The first
stage of milling was last for 50 hours and followed by
separation between iron oxide and non-iron oxide using
strong NdFeB magnet. The second stage was last for
another 50 hours and followed by separation between iron
oxide and non-iron oxide using strong NdFeB magnet. The
product of the 2™ ball milling process was divided into 4
parts with the same amount of weight. Each of these
products was milled together with cobalt as a dopant
composition of 0, 5, 10, 15 and 20 wt. % for 20 hours.
Optical, magnetic and structural properties of the iron
oxide nanoparticles before and after doping were studied
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using Uv-Vis spectroscopy, X-ray diffractometer (XRD),
and vibration sample magnetometer (VSM), respectively.
The composition of the samples before and after being
cobalt doped was obtained using X- Ray Fluorescence
Spectrometer (XRF).

RESULTS AND DISCUSSIONS

Figure-1 shows the X-Ray diffraction (XRD)
patterns of undoped and cobalt doped iron oxide (a-Fe,O3)
nanoparticles. The Structural properties of the samples
were analyzed using X-Ray Diffractometer Phillips
producing CuKa radiation with wavelength (L) of 0.15406
nm. In this measurement, the diffraction angle was
selected in interval of 10° to 70° with the step of 0.01°. The
XRD pattern of the undoped a-Fe,O; nanoparticles
exhibits  diffraction angles of 23.92°, 32.74°, 35.37°
40.47°, 48.95°, 53.38°, 56.70° 61.84° and 63.50°and
completely matched the reflections of (102), (104), (110),
(113), (024), (116), (122), (214) and (300), respectively.
This is agreement with literature JCPDS file number: 89-
8103 with rhombohedral phase of a-Fe,O; [17]. All the
observed diffraction peaks have been indexed to a-Fe,O;.
In the case of 5, 10, 15 and 20 wt. % cobalt doped a-Fe,04
nanoparticles, the diffraction patterns of o-Fe,O;
nanoparticles show that their structure is not changed with
cobalt doping. However, the XRD patterns show an
additional peak at diffraction angle of 44.38° with
correspond to reflection plane of (400) cobalt [18].

In the case of 5, 10, 15 and 20 wt. % cobalt doped
hematite nanoparticles, the diffraction patterns of a-Fe,O;
nanoparticles show that their structure is not changed with
cobalt doping. The XRD patterns show additional peaks at
diffraction angle of 44.38° with correspond to reflection

plane of (400) which is characteristic of cobalt (JCPDS15-
0806) [19]. The intensity of the reflection of cobalt phase
increases as its content increases which reveals the
dominant presence of cobalt phase in the samples.
Therefore, the existence of diffraction peak related to the
cobalt and a-Fe,O; nanoparticles showed successful
formation of a-Fe,O3-cobalt nanoparticles using ball
milling method. The average crystallite size hematite
nanoparticles was calculated using Scherrer’s formula [20]

KA
BCos6

where D is the crystallite size (nm), A is the X-ray
wavelength (A= 1.5406 A), k is the Scherrer constant,
which equals 0.9, f is the full width at half maximum
(FWHM) of peaks and 6 is the corresponding diffraction
angle (degree). The estimated crystallite size of pure a-
Fe,05 is 38.52 nm and that of 5 wt.%, 10 wt.%, 15 wt.%
and 20 wt% cobalt nanoparticles is 35.67, 33.75, 35.73
and 31.53 nm (Table-1). It can be found that the crystallite
size of cobalt doped hematite nanoparticles decreases with
increasing cobalt content, indicating that the addition of
cobalt can effectively decrease the hematite crystalline
grain growth. Therefore, the average crystallite size of
cobalt doped hematite nanoparticles become smaller
compared to that of the undoped hematite nanoparticles. In
order to compare our results with the literature, we used all
the planes in the diffraction pattern to calculate the size of
the a-Fe,0j; crystallite. The results obtained agree with the
data in the literature in which the crystallite sizes between
21 and 82 nm [21].
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Figure-1. XRD patterns of (a) undoped and (b) 5 wt.% and (c) 10 wt.% (d) 15 wt.%
and (e) 20 wt.% cobalt doped hematite nanoparticles.

Table-1. The average crystallite size of undoped and
cobalt doped hematite nanoparticles.

milling process. Moreover, Fe and Ti elements cannot be
separated until 120 hours milling process suggesting that

Fe and Ti exist in the form of compound.
Co Content (wt.%) | Average Crystallite size (nm)
0 (undoped) 38.51
60 -
5 35.67 50 - M After milling 100 h
10 33.75 < W After 5 wt.% Co doping
< 40 4
15 32.73 s
= 30 4
20 31.53 K
g 20 -
[}
Elemental chemical composition of  Logas C 10
natural sand before and after milling process as well as
after being 5 wt.% doped nickel, chromium and cobalt 0 s T co  Fe  others
determined using X-Ray Fluorescence Spectroscopy N fEI .
(XRF) is presented in Figure-2. It can be seen that the ame o Elemen

XRF data clearly evidence the occurrence of the doping
elements. The figure also indicates that the o-Fe,0;
nanoparticles are not free from impurity elements. The Fe
contents were increased very significantly after milling
(100 hours). Some other elements for examples Al, Si, and
other elements were decreased, however, the other
elements such as Ti increases. This indicates that natural
sand grains break into smaller parts so that the non-
magnetic and magnetic grains were separated during

Figure-2. Elemental chemical composition of sample
before and after being milled for 100 hours and fter
being 5 wt.% doped cobalt observed by XRF.

The plots of applied magnetic field (Oe) vs
magnetization (emu/g) of the undoped and chromium
doped hematite nanoparticles are given in Figure-3. These
loops were measured using vibration sample
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magnetometer (VSM) in which the applied magnetic field
used was ranging from +20.000 Oe to -20.000 Oe. The
saturation magnetization value of the samples increases as
the cobalt content increase which might be because of the
presence of more cobalt atoms at the grain boundaries as
revealed in the X-Ray Diffraction results as indicates in
Figure-1. The measured magnetic parameters such as
saturation magnetization (Ms), remanence magnetization
(Mr), coercivity (Hc) and loop squareness are given in
Table-2. It is found that saturation magnetization of
undoped hematite nanoparticles is 0.65 emu/g. This value
is lower than that reported by previous researcher [22].
The increase in saturation magnetization values compared
to undoped hematite nanoparticles is associated with an
increase in cobalt content of the sample which is clearly as
magnetic element.

The hysteresis loops of all samples show weak
ferromagnetic behavior characterized by their low
coercivity value as shown in Figure-3. The coercivity of
the undoped hematite nanoparticles is about 124 Oe and
increases to 221, 255 and 299 Oe for cobalt doped
hematite with cobalt content of 5, 10 and 15 wt.5,
respectively. Thus the increase of coercivity in this range
of cobalt content can be qualitatively understood in terms
of the effect of relatively tightly coupled iron oxide
nanoparticles followed by the increase in iron oxide
nanoparticles separation, which ultimately reduces
exchange coupling between weakly coupled iron oxide
nanoparticles or clusters [23]. The corcivity value of the
sample reduces to 269 Oe for cobalt content 20 wt. %. The
reduction of the coercivity value is due to more interaction
between magnetic (cobalt) nanoparticles in the sample.
This effect could certainly lead to the decrease in the
coercivity for the samples with cobalt content of 20 wt. %
as indicated in Table-2. The remanent magnetization (M,)
value of the undoped hematite nanoparticles is about 0.095

emu/g and it increases to 1.71 emu/g for 15 wt.% cobalt
content and decreases to 0.145 emu/g for cobalt content of
20 wt.% as shown in Table-2.
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Figure-3. Hysteresis loop of iron oxide nanoparticles
(a) undoped and cobalt doped (b) 5 wt.%, (c) 10 wt.%,
(d) 15.wt % and (e) 20 wt.%.

Table-2. Hysteresis loop parameters of undoped and cobalt doped hematite nanoparticles.

Cobalt content Magneti zation Remal.lence Magneti Coercivity (Oe)
(wt. %) (emu/g) zation (emu/g)
0 0.65 0.095 124
5 0.89 0.098 221
10 1.28 0.168 255
15 1.29 0.171 299
20 1.30 0.145 269

Figure-4 shows the Touc graph for the indirect
band gap energy transition for undoped and cobalt doped
hematite nanoparticles. The band gap energy of undoped
and cobalt doped hematite nanoparticles was determined
using the following equation **:

(ahv)" = A(hv — Eg)

where a is the absorption coefficient, A is a constant, hv is
the light energy and n is a constant that depends on the
transition properties of the electron [25]. Hematite has n =

1/2 for the indirect band gap [26]. The band gap energy of
both undoped and cobalt doped hematite nanoparticles can
be determined from the graph of the relationship between
(ohv)* versus hv. The linear part of the graph with a certain
slope where extrapolation when crossing the x-axis will
produce the band gap energy. The band gap energy for
undoped and cobalt doped 5, 10, 15 and 20 wt.% hematite
nanoparticles as shown in Figure-4 are presented in Table-
3. The value of this band gap energy decreases with the
addition of the cobalt content. This band gap energy value
remains in the range of 1.54 - 2.3 eV as shown in
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reference 1>’ These results indicate that the cobalt doped
hematite nanoparticles exhibit photocatalytic properties
under visible light irradiation.

1000
800 1 —0 wt% Co
—5 wt.% Co
600 - — 10 wt.% Co
N =15 wt.% Co
z2 —— 20 wt.% Co
3 400
200
04

1.0 1.5 2.0 25 3.0
hv (eV)

Figure-4. Tauc plot of undoped and cobalt
doped hematite nanoparticles.

Table-3. Band gap energy (e V) for undoped and cobalt
doped hematite nanoparticles.

Cobalt content
(Wt. %) 0 5 10 15 20
Band gap 207 | 203 | 1.98 | 1.96 | 1.93
energy (eV)
CONCLUSIONS

In this study, cobalt doped hematite nanoparticles
with different cobalt content (0, 5, 10, 15 and 20 wt.%)
were prepared by ball milling method. The results of
XRD measurement show that increasing amount of cobalt
content results smaller crystallite size of hematite
nanoparticles. High cobalt content (about 20 wt.%) shows
an effective method to decrease the crystallite size of
cobalt doped hematite nanoparticles. The crystal structure
of hematite nanoparticles was unchanged after the
introduction of cobalt. However, the magnetic properties
of cobalt doped hematite nanoparticles were significantly
affected. Magnetization (Ms) and remanance
magnetization (Mr) increase with increasing amount of
cobalt while, the coercivity of the samples increases with
increasing cobalt content. Fe and Ti elements cannot be
separated until 100 hours milling process suggesting that
Fe and Ti exist in the form of compound. The band gap
energy of hematite nanoparticles reduces by introducing
cobalt as a doping element. The ability to modify hematite
nanoparticles in controllable size and band gap energy
may enable them to be used for environmental application.
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