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Abstract In the present work, nickel-doped iron oxide
(NixFe3_x04) nanoparticles with different concentration of
nickel (x = 0, 0.05, 0.1, and 0.15) have been prepared by
co-precipitation method. These prepared nanoparticles have
been characterized by using x-ray diffractometer, thermo
gravimetric analysis and differential scanning calorime-
try, Fourier transform infrared spectroscopy, scanning
electron microscopy, vibrating sample magnetometer, and
UV-Visible spectroscopy to study their structural, thermal,
morphological, magnetic, and optical properties, respec-
tively. The x-ray diffraction confirms the formation of
single-phase inverse spinel cubic structure of NiFe3O4
nanoparticles. Crystallite size has been estimated by the
full width at half maximum of the most intense x-ray
diffraction peak where vibrational and stretching modes
of metal-oxygen bonds in 872 cm are shown in Fourier
transform infrared spectra which confirms the formation of
nanoparticles. The thermal analysis revealed that the tran-
sition temperature and stability increases with increasing
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Ni concentration. The surface morphology indicated that
the particles are spherical in shape with some agglomera-
tion. The magnetic measurement revealed that the coercivity
and anisotropy increases with nickel doping in magnetite
nanoparticles. The optical analysis revealed that direct and
indirect both types of band gap increases when the particle
size decreases because the absorption spectra shift toward
smaller wavelength. The blue shift confirms the formation
of nanoparticles.
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1 Introduction

Magnetic particle sizes from nanometer to micrometer are
attractive materials not only in the field of magnetic record-
ing but also in areas of biological and medical applications.
One of the promising particles is the iron oxide nanoparticle
of various kinds and its derivatives [1]. Magnetite (Fe30O4)
is one of the most important magnetic materials because
it is widely used as materials for drug carriers [2], drug
release, cancer therapy [3], hyperthermia [4], magnetic sep-
aration, magnetic resonance imaging [5], proton exchange
membrane, and sensor [6]. However, magnetite nanoparti-
cles are the most studied materials due to their response
to magnetic field through the super paramagnetic behavior
at room temperature with high-saturation magnetization. In
addition, their non-toxicity and high biocompatibility are
also suitable for biotechnology areas [7]. In order to tune the
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properties of magnetite nanoparticles, nickel is doped with
different concentrations in magnetite nanoparticles.

Nano-sized nickel-doped iron oxide (NiFe3O4) nanopar-
ticles is one of the versatile and scientifically important
soft ferrite material because of its distinctive ferromagnetic
properties, e.g., low conductivity and hence lower eddy cur-
rent losses [8], catalytic behavior [9], high electrochemical
stability abundance in nature, etc. Nickel-doped iron oxide
(NixFe3-0O4) nanoparticles have inverse spinel structure in
which eight units of nickel ferrite (NixFe3-xO4) form a unit
cell of the spinel structure. Half of the ferric ions fill the
tetrahedral sites (A sites) and the remaining half fill the octa-
hedral site and nickel ions occupy the octahedral sites (B
sites) [10]. Hence, the compound can be represented by the
following formula:

[Fe* " 1ot [Fe* T Ni* T 10 05 (1

There are various methods that are used for the fabri-
cation of nanoparticles but the wet methods produced the
best quality of nanoparticles, for example, co-precipitation,
sol-gel, hydrothermal, and others [11]. The main purpose is
to fabricate low-cost, homogeneous, and highly pure pow-
ders that have a very fine and small particle sizes with small
agglomeration. In the present research, co-precipitation
method is used for the synthesis of Ni-doped iron oxide
nanoparticles because it is simple and efficient and has
the capability to control the size [12], composition, and
even the shape of the nanoparticles. The main advantage of
this method is that the crystal structure is easily achieved
without any heat treatment [13].

2 Experimental Setup

The chemicals used in the synthesis of magnetite and
nickel-doped magnetite nanoparticles are ferrous chloride
(FeCly), ferric chloride (FeCl3), nickel chloride hexahyder-
ate (NiCl,.6H»0), sodium hydroxide (NaOH), and distilled
water. The (NixFe3_x04) nanoparticles with different nickel
concentration (x = 0, 0.05, 0.1, 0.15) are prepared by co-

Table 1 Molecular weights of all the chemicals

Materials Chemical Molecular
formula weight
(grams/mole)
Ferrous Chloride FeCl, 1.2
Ferric Chloride FeCl3 2.7
Nickel Chloride Hexahyderate  NiCl,.6H,O 0.11
Sodium Hydroxide NaOH 1.6
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precipitation method. First of all, measure stoichiometric
amounts of all chemicals by using the electronic balance.
The molar mass of all chemicals is given in Table 1.

2.1 Synthesis Procedure

The nickel doped iron nano-particles have been prepared
using take 1.2 g of ferrous chloride (FeCl,), 2.7 g of ferric
chloride (FeCls), and 0.1 g of nickel chloride in a beaker
and dissolve in 100 ml of distilled water. Shake the beaker
until all the chemicals have been completely dissolved in
distilled water by co-precipitation method. Shake the beaker
until all the chemicals have been completely dissolved in
distilled water. After that took 1.6 g of sodium hydrox-
ide (NaOH) in a beaker and dissolved it in distilled water.
Took the solution of NaOH in a burette and then added
drop wise in the combined solution of ferrous, ferric, and
nickel chloride. The combined solution of salts were con-
stantly stirred using a magnetic stirrer and measured the
temperature. Black precipitates were formed when the solu-
tion of sodium hydroxide (NaOH) dropped into the combine
solution of Fe?*, Fe3*, and Ni2. The black precipitate indi-
cated the formation of nickel doped iron oxide nanoparticles
(NixFe3z_40O4) nanoparticles. The pH of the solution was
measured by pH paper. The final product was washed with
distilled water to removed unwanted impurities. The parti-
cles were dried in an oven at above 100°C for 24 h. The
block diagram of co-precipitation method is shown in Fig. 1.

2.2 Characterization Techniques

A series of four samples of nickel-doped iron oxide
(NixFe3_x0O4) nanoparticles with different nickel concen-
trations (x = 0, 0.05, 0.1, and 0.15) have been synthesized
using chemical co-precipitation method. These prepared
nanoparticles have been characterized using x-ray diffrac-
tometer (Model: PANalytical powder x-ray diffractometer
with Cu-K,A = 0.154056 nm), Fourier transform infrared
spectroscopy (Model: PerkinElmer FTIR spectrophotome-
ter), differential scanning calorimetry, and thermo gravi-
metric analysis (Model: Mettler Toledo Ltd. Instrument) at
heating rate of 10 °C/min from room temperature to 1000
°C in nitrogen atmosphere), scanning elecron microscopy
(Model: FEI Quanta FEG 200 (HR-SEM) equipments),
vibrating sample magnetometer (VSM, Model Lakeshore
7400 and 7436) with an applied field of 10 K Oe and
UV-Visible spectroscopy (Model: Perkin Emert Lambda
spectrophotometer) to study their structural, thermal, mor-
phological, magnetic, and optical properties, respectively.
The 3-D structural view of NixFe;_xO4 (x = 0, 0.05,
0.1, and 0.15) nanoparticles is made by using diamond
software.
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Fig. 1 Block diagram of co-precipitation method

3 Results and Discussions
3.1 XRD Analysis

The XRD patterns of NixFez_xO4 (x =0, 0.05, 0.1, 0.15)
nanoparticles is shown in Fig. 2. The diffraction peaks are
matched with the standard JCPDS card no. 19-0629 [14],
which confirms the successful formation of single-phase
cubic inverse spinel structure of iron oxide and nickel-doped
iron oxide nanoparticles with the presence of (220), (311),
(222), (400), (422), (511), and (440) planes.

In inverse spinel structure, Ni’T ions preferably occupy
the octahedral and Fe>* ions equally distributed on both
tetrahedral and octahedral sites as shown in the formula:

[Fe* e [Fe3 T Fe? 1o Oy )

g

=

g
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Fig. 2 XRD patterns of all the samples of NixFe3-xO4 nanoparticles

Fe?* ions have been successfully replaced by Ni** ions in
octahedral site as shown in formula:

[Fe** et [Fe ™ Ni? T Fe? 1o 04 3)

The structural parameters such as crystallite size, lat-
tice parameters, and x-ray density have been evaluated from
XRD patterns which are listed in Table 2. The crystallite
size of synthesized iron oxide (FezO4) and nickel-doped
iron oxide (NixFe3_x0O4) nanoparticles is calculated from
the highest intense peak (311) using the Debye Scherrer’s
formula [15]:

_0.942
P BCost

“

where D, is the crystallite size B is the full width at
half maximum, A is the wavelength of CuKo radiation
(A = 1.54A") and 6 is the Bragg angle. It is revealed that
the crystallite size is decreased with increasing concentra-
tion of nickel as shown in Fig. 3. It is observed that the peaks
of NixFe3_xO4 (x =0, 0.05, 0.1, 0.15) show broadening
indicating the ultrafine nature of nanoparticles.
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Fig. 3 Variation of crystallite size and Lattice parameters with Ni
content
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Table 2 XRD data of

NiyFe3_xOy4 nanoparticles Composition  Position FWHM d-spacing (A" Crystallite  Lattice param- X-ray density Ioop/I 440
(x) (26) (degree) size (nm) eters (A”) (g/cm3)
Fe304 35.927 0.76859 2.4976 10.3 8.3880 5.2034 0.48
Nig.05Fe2.9504 35.761 0.84357 2.5089 9.2 8.3608 5.2066 0.49
Nig.10Fe2904 35.788 0.89509 2.5070 8.5 8.3607 5.2098 0.56
Nig.15Fe28504 35.764  0.91297 2.5086 7.6 8.3536 5.2130 0.66

The value of lattice parameters for each sample is calcu-
lated using the following equation [16]:

a=1[dh* + k> + 1?7 (5)

where (h, k, [) are the miller indices of the most intense
peak (311). The lattice parameter decreased linearly with
the increasing amount of Ni%t ions in magnetite (Fe304)
nanoparticles which are in accordance with Vegarad’s law.
The decrease in lattice parameter is based on the ionic radii
of Ni%t (0.69A°) which is smaller than the ionic radii of
Fe2t (0.77A") ions. The partial substitution of Ni ions with
Fe ions in magnetite nanoparticles can cause the reduc-
tion of unit cell dimensions and therefore lattice parameters
decrease.

X-ray density depends upon the lattice parameters, so it
is calculated using the formula [17]:

8M

dx = —
YT NS

(6)
where 8 shows the number of molecules per unit cell of
cubic spinel lattice, M stands for molecular weight, N is
the Avogadro number (6.02214 x 10%) and a shows the
lattice parameter. The graph of x-ray density as a function
of nickel concentration is shown in Fig. 4. In the present
system, it is investigated that the x-ray density increases
with increasing nickel contents. This is due to the varia-
tion in the atomic weights of iron and nickel. The atomic
weight of Ni>* (58.6934 g/mol) is higher than that of Fe?*

5.214

5.2111

5.208 -

5.205 -

X - Ray density (gm/cm)

5.202

0.00 0.05 0.10 0.15
Nickel concentration

Fig. 4 Variation of x-ray density with nickel content
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(55.845 g/mol). The ratio of decrease of lattice parameter is
less as compare to the ratio of increase of molecular weight.

The cation distributions in tetrahedral and octahedral
sites is explained on the basis of change in the intensities
of the (2 2 0) and (4 4 0) planes. Table 2 demonstrate the
change in the intensities of the (2 2 0) and (4 4 0) planes
of NixFe3_xO4 (x =0, 0.05, 0.1, 0.15) nanoparticles. It is
observed in all the samples the intensity of (4 4 0) plane is
larger as compare to (2 2 0) plane. The occupancy of nickel
ions in octahedral site cause to decrease the intensity of
(2 2 0) plane which depends upon the smaller ionic radius of
Ni ions. The percentage of nickel in octahedral site depends
on the ratio of I»20/1449 Which is increased with increasing
nickel concentration. This judgment confirms the formation
of inverse spinel structure of NiFezO4 nanoparticles.

3.1.1 3-D Visualization

The 3-D visualization of NixFes_xO4 nanoparticles with
different nickel concentrations (x = 0, 0.05, 0.1, 0.15) is
made by using diamond software and shown in Fig. 5a—d,
respectively. The XRD study shows that the peaks are well
matched with the spinel structure having Fd-3m (no. 227)
space group. In the present case of NiFe3O4 nanoparticles,
all the ferric ions equally distributed on tetrahedral and octa-
hedral sites and Fe>* ions in octahedral site replace by Ni>*
ions. The Wyckoff sites and x, y, and z values of Fe30q4
and NiyFe;_x04 (x = 0.05, 0.1, 0.15) nanoparticles are
tabulated in Table 3.

3.2 FTIR Analysis

The types of bonds and functional groups in the prepared
nanoparticles are determined by FTIR analysis. The FTIR
spectra of NixFes_xO4 nanoparticles with (x = 0, 0.05,
0.1, and 0.15) have been recorded in wavelength range of
(600—4000) cm™!. The comparative spectra of NiyFe3_O4
nanoparticles at different nickel concentration (x = 0, 0.05,
0.1, and 0.15) are shown in Fig. 6. The two M-O absorp-
tion bands in the range of 780 and 870 cm™! confirms the
formation of inverse spinel cubic structure of nanoparticles
[18]. The absorption band O-H at 1641 cm~! is ascribed
due to the stretching vibration of the free or absorbed water

molecules on sample surface. The band at 1026 cm™! is
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Fig.5 3-D structure of a
Fe304, b Nig.0sFe2.9504, €
Ni0_1F62<904, and d
Nig.15Fe2 8504 nanoparticle

attributed due to the vibrational bond of C-O. This bond
may be due to the CO, in air. The peak at 1430 cm™!
is due to the vibration of —CH bond. The peak observed
in 2355 cm™! attributed due to the symmetric vibrations
of —OH groups. This may be due to the use of KBr and
distilled water in the sample preparation.

3.3 DSC/TGA analysis

Thermal investigation of as synthesized (NixFe3_xO4)
nanoparticles with (x = 0, 0.05, 0.1, and 0.15) are made
to investigate the thermal satiability of these nanoparti-
cles. The analysis was performed in nitrogen atmosphere at
10 °C/min from 100 to 1200 °C. The TGA curves of as-
synthesized nanoparticles are shown in Fig. 7. The graph

Table 3 Atomic coordinates of NixFe3_yO4 (x = 0, 0.05, 0.1, 0.15)
nanoparticles

Atom Ox. Wyck. X y z

Fe +2 16¢ 1/8 1/8 1/8

Fe +3 16d 5/8 5/8 5/8

(¢} -2 32e 0.38672 0.38672 0.38672
Ni +2 8b 172 172 12

shows the (%) weight loss with the change in temperature.
As the temperature increases from 30 to 150 °C, 2.0, 2.6,
2.5, and 2.2 % weight loss is observed in x = 0, 0.05,
0.1, and 0.15 samples, respectively, which is due to the
loss of water molecule that are present on the surface of
nanoparticles.

The variation in the values of heat flow as a function
of temperature is shown in Fig. 8. The amount of energy
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Fig. 6 FTIR spectra of a Fe304, b Nig g5Fe; 9504, ¢ Nig. 1 Fep 9O4 and
d Nig 15Fes 8504 nanoparticles
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Fig. 7 Variation in percent weight loss as a function of temperature of
Ni,Fes_, 04 nanoparticles (TGA curve)

released or absorbed (A H) during a phase transition is said
to be enthalpy and determines the stability of the nanoparti-
cles. The endothermic peak of all the samples was observed
in the temperature range of 30—150 °C, which is due to the
removal of moisture present in the sample. The enthalpy
change is calculated using the formula [19]:

02-01
- T2-T1

The enthalpy is calculated from the area under the
exothermic peak. First, calculate the change in temperature
(T, — Tp) and then calculate change in heat (Q> — Q1)
and put these values in the above-mentioned equation, this
will give the value of enthalpy change.

A sharp exothermic peak is observed in magnetite
nanoparticles at ~336 °C temperature due to the phase
transition from (y-Fe;O3 to «-Fey03. The peak starts at
207 °C and ends at 339 °C with an enthalpy change of
—6.8 J/g. When the concentration of nickel is increased, the
value of enthalpy decreases from —15.8 to —28.5 J/g. In
the present study, negative enthalpy is observed for all the

AH @)

Heat Flow (w/g)
w

2

0 200 400 600 800

Temperature °C

Fig. 8 Variation in heat flow as a function of temperature of
Ni, Fes_ 04 nanoparticles (DSC curve)
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Fig. 9 Variation in enthalpy and transition temperature as a function
of nickel concentration

samples due to the phase transformation from maghemite to
hematite. So, during the phase conversion from maghemite
to hematite, the maximum energy is released from the sys-
tem which gives rise to strong exothermic peaks in all the
samples and increases the stability of nanoparticles. Fig. 9
shows the variation of transition temperature and enthalpy
as a function of nickel concentration. It is revealed from
the figure that when the concentration of nickel increases,
the transition temperature increases and enthalpy decreases.
The values of enthalpy change at different nickel concentra-
tions are tabulated in Table 4.

3.4 Surface Morphology

The morphology of prepared nanoparticles is determined
by scanning electron microscopy (SEM). The sample was
prepared by sonication. First of all, dissolved the powder
samples in deionized water then put the sample in a son-
icator for 30 min. After sonication, one drop of sonicated
sample was placed on the shiny surface of silicon wafer and
dried on a hot plate. The SEM micrographs of NixFe3_xO4
(x =0, 0.05, 0.1, and 0.15) nanoparticles at different
resolutions are shown in Fig. 10. All the microstructures
revealed the uniform and spherical shape of iron oxide and
nickel-doped iron oxide nanoparticles. There is no agglom-
eration in iron oxide nanoparticles; however, when Ni is
substituted in iron oxide nanoparticles with different con-
centrations (x = 0.05, 0.1, and 0.15), microstructures

Table 4 Values of enthalpy and phase transition temperature of all the
samples

Samples Transition temperature °C Enthalpy J/g
Fe304 336 —6.80
Nig.05Fe2.9504 339 —15.8
Ni.10Fe2.904 461 —21.8
Nig.15Fe2 8504 568 285
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Fig. 10 SEM micrographs of a
Fe304, b Nig.0sFe2.9504, €
Nio_1F62.904, and d

Nig.15Fe2 8504 nanoparticles at
50-um resolution

have shown some agglomeration. The average particle size
determined by SEM is listed in Table 5.

3.5 Magnetic Properties

Vibrating sample magnetometer (VSM) is used to describe
the magnetic properties of NixFez_xO4 (x = 0. 0.05, 0.1,
0.15) nanoparticles. The hysteresis loop of all the samples of
NixFes_4O4 (x = 0. 0.05, 0.1, 0.15) nanoparticles is shown
in Fig. 11. The magnetic parameters such as saturation mag-
netization (M;), magnetic moment (ng), and coercivity (H,)
are listed in Table 6.

It is observed that the saturation magnetization increases
in 5 and 10 % nickel-doped magnetite nanoparticles and
than it is decreased in 15 % Ni-doped nanoparticles. Mag-
netic properties are directly related to the distribution of the
cations over tetrahedral and octahedral lattice sites.

Table 5 Average particle size of all the samples calculated from SEM

Samples Average particle size (nm)
Fe30y4 97.44

Nio_05F62A95 04 88.92

Ni0_10F62_904 86.38

Nio.15Fe2.8504 86

It is also revealed that the coercivity increases with
increasing amount of nickel substitution as shown in Fig. 12.
This is because of the decrease in crystallite size by the dop-
ing of nickel ions. The anisotropy constant K is calculated
using the following the relation [20].

Ms x Hce g

098 ®

Anisotropy constant K depends on the substituted ion
concentration. This means that the anisotropy constant
increases with increasing nickel content as shown in Fig. 13

80
o A4 x=0.1
60 oex=0.04
40 - * R
2 20+ : x=0.15
£ L2 b i aad
2 0
‘q::: »
£ 201 H
<) H
= -40 4 E
-60 >l
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Fig. 11 Hysteresis loops of a Fe3O4, b NiggsFer 9504, ¢
Nig.1Fe2.904, and d Nig 15Fe; 8504 nanoparticles
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Table 6 Magnetic properties of NixFez_4O4 (x = 0. 0.05, 0.1, 0.15)
nanoparticles

Samples Magnetization Coercivity Magnetic Anisotropy
Mg (emu/g) H; (Oe) moment K (erg/g)
(nB)
Fe3Oy4 44.11 54.08 1.82 2433
Nig.osFe2.9504 54.02 78.26 2.24 4310
Nig.10Fe2004  62.81 97.42 2.60 6242
Nig.15Fe28504 12.95 99.31 0.53 1312

and therefore the magnitude of Hc also increases. The mag-
netic moment (np) is calculated from the following formula
[21]:

M x Ms ©)
"B = Tssss

Where, Mis molecular weight. The values of magnetic
moments show that all the samples are ferromagnetic in
nature.

3.6 Optical Analysis

The UV-Visible optical absorption spectra of nickel doped
iron oxide NiyFes_yO4 (x = 0, 0.05, 0.1, and 0.15)
nanoparticles is shown in Fig. 14. The sample was prepared
by dispersing the powder sample in 10 ml dimethyl fluo-
ride (DMF) solution. First of all place a cuvette filled with
DMF solution only to measure the intensity of light source
at certain wavelength then place a cuvette filled with sam-
ple solution in the cell holder. The machine than recorded
the light intensity and absorbance relative to the light inten-
sity passes through solvent alone. The blue shift is observed
in the absorption edge which is responsible for the quantum

70
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S 501 / o
§,]1 ¢° 50 8
5" .
® -
8 30 <
5 3
g RS
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s 60
10{ o o
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0.00 0.05 0.10 0.15
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Fig. 12 Variation in magnetization and coercivity as a function of
nickel concentration
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Fig. 13 Variation in anisotropy as a function of nickel concentration

confinement and also the confirmation of the formation of
nanoparticles.

The absorption coefficient of all the samples are deter-
mined using the following equation [21]:

4k (10)
o =—
A

where A is the wavelength in nanometer and k is the exten-
sion coefficient. The optical band gap energy is calculated
by using Tauc relation [21]:

(ahv)" = c(hv — Ey) (11

where E, is the optical band gap energy and 4 is the planks
constant (6.62 x 10_34) and c is a constant. The value of
n for direct allowed, indirect allowed, direct forbidden and
indirect forbidden transitions are 1/2, 2, 3/2 and 3, respec-
tively. The optical band gap energy of all the samples is
estimated by extrapolating straight line on x-axis which cuts
the axis at some point, that point indicates the value of
optical band gap energy. The graph of direct and indirect

Absorbance (arb.unit)

200 400 600 800 1000 1200

Wavenumber (cm™)

Fig. 14 UV-Visible absorption spectra of Fe3O4, Nigos5Fes.9504,
Nig.1Fe2.904, and Nig 15Fe; 8504 nanoparticles
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Table 7 Absorption and band gap values of all the samples

(wu) azis ayjeishin

size as a

Samples Absorption edge Direct Indirect  Crystallite
X (nm) band gap band gap size (nm)
energy energy
eV) eV)
Fe30y4 281.78 22 1.4 10.3
Nig gsFe2.9504 279.98 2.5 1.6 9.2
Nig.j0Fe2004  276.41 2.7 1.8 8.5
Nig.15Fe28504 273.47 3.0 1.9 7.6

transition as a function of E, for all the samples is plotted
in Fig. 15a, b, respectively. It is revealed that when the con-
centration of nickel increases, the optical band gap energy
increases. This may be due to the decrease in particle size
as shown in Fig. 16.

When the crystallite size reaches to the nano scale where
every element made up of only finite number of atoms,
the electron hole pairs becomes very close together that
the columbic force is no longer neglected and gives the
overall higher kinetic energy. Hence, the larger band gap
means that large energy is required to excite an electron
from valance to conduction band. Optical band gap may also
be increased because when the particle size decreases, the
number of atoms becomes finite, the energy levels or over-
lapping orbital’s decreases, and the width of the band starts
to narrow. This narrowing of the band results to increase in
optical band gap. The values of optical band gap energy of
direct and indirect transitions of all the samples have been
tabulated in Table 7.

4 Conclusions

In the present study, NixFe;_xO4 (x = 0, 0.05, 0.1, 0.15)
nanoparticles have been successfully prepared using co-
precipitation method. The structural characterization con-
firms that all the samples are composed of crystalline single
phase inverse spinel structure. FTIR analysis confirms the
single phase with the major band at 887 cm, which might be
due to the stretching vibrations of metal-oxygen bond. SEM
analysis reveales that the particles are spherical in shape
with little agglomeration. The stability and the band gap
values of nanoparticles have been increased with increasing
nickel concentration. The values of magnetization, coerciv-
ity, and anisotropy increased with increasing nickel content
in magnetite nanoparticles. Therefore, these particles may
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be used in different biomedical applications such as in
magnetic fluid hyperthermia etc.
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