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Abstract

In this research, the effects of transition metal (Ni) doping to metal-oxide nanoparticles (TiO,) were studied. Various weight
ratios (5, 10, 15, and 20%) of Ni-to-TiO, nanoparticles were synthesized using the sol-gel technique. These doped nanoparti-
cles were prepared using titanium butoxide and nickel nitrate as precursors and methanol as a solvent. The effects of Ni doping
to TiO, were examined using a variety of characterization techniques, X-ray diffraction (XRD), Fourier-transform-infrared
(FTIR) spectroscopy, ultraviolet—visible (UV—Vis) spectroscopy, field-emission scanning electron microscopy (FESEM),
and vibrating sample magnetometer (VSM). The XRD reveals that the Ni-doped TiO, crystallizes in a tetragonal structure
with anatase phase. The particle size and lattice strain were calculated by Williamson—Hall equation. The presence of strong
chemical bonding and functional groups at the interface of TiO, nanoparticles was confirmed by FTIR. The optical proper-
ties of undoped and doped samples were recorded by UV—-Vis spectroscopy. The saturation magnetization (M) was found
higher for undoped as compared to doped samples. The surface morphology and the element structure of the Ni-doped TiO,

nanoparticles were examined by FESEM.
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Introduction

A growing interest has been developed in nano-scaled semi-
conductors due to their vital roles in catalytic, optical, mag-
netic, and electrical applications. Size-dependent property
of semiconductor nanoparticles is unique amongst many
other remarkable properties. New exotic devices of unprec-
edented nature have been fabricated by these nanoparticles
[1-4]. TiO, is an extensively used semiconductor for photo-
catalytic and solar cell applications due to its certain distinct
features like band-gap modulation, environment-friendly
nature, and straightforward synthesis routes via doping and
grafting with visible light-absorbing dyes [5].
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Titanium dioxide (TiO,) crystallizes in three different
crystalline phase structures brookite, anatase, and rutile
[6-9]. To investigate the electrical, optical, and magnetic
properties of nanomaterials, profound efforts have been
made [10]. Metals display distinctive physical and chem-
ical properties owing to their limited size and high edge
surface sites [11]. Doping has been studied widely both
experimentally and theoretically. Dopants comprise non-
metals like S, N, C, etc. [12—-15] and transition metals (TM)
like Cu, Fe, Co, Ni, etc. [16—18]. It has been established by
extensive researches that doping may apparently improve
the photocatalysis, electrical, and optical properties of TiO,
[19-21]. Magnetic ion-doped TiO, with room-temperature
ferromagnetism, known as diluted magnetic semiconductors,
has been extensively studied owing to its interest in poten-
tial applications in spintronics [22, 23]. Many efforts have
been engaged in understanding the mechanism in this kind
of DMS as the origin of ferromagnetism is not clear up to
now. For example, the origin of ferromagnetism has been a
very controversial topic for Ni-doped TiO,. Recently, Zhao
et al. worked on Ni-impurity-induced reversible ferromag-
netism in rutile TiO, single crystals [24]. They argued that
the magnetic source is Ni clusters. Recently, Bahadur et al.
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found that the magnetic moment of mixed crystalline TiO,
powders reduces with increasing Ni content. This is due to
oxygen vacancies destroying a spin ordering [25].

Moreover, Ni doping has also been studied for other pur-
poses: controlling morphology [26], improving bandgap.
Much attention has been paid to the preparation and char-
acterization of titania in nanoparticle forms to increase the
surface to volume ratio and thus to enhance photochemical
reactivity. There exist various methods of producing tita-
nia nanoparticles, such as sol-gel process, electrochemical
coating, hydrothermal process, hydrolysis, microemulsion
method, thermolysis, flame aerosol process, chemical vapor
deposition, etc. [27-35]. Sol—gel method is often employed
as it offers the advantages such as precise control over the
stoichiometry, low-temperature synthesis, high crystallinity,
and high purity [36-38].

In this work, we report synthesis and characterization of
TiO, nanoparticles doped with nickel in different weight
ratios (5, 10, 15, and 20%) capable of having enhanced opti-
cal properties using sol-gel technique. The effects of the
various dopant concentrations on the optical properties of
TiO, nanoparticles are studied. In addition, the structural,
functional, and morphological analyses of the nanopowders
were investigated.

Experimental details
Materials

Titanium(I'V) butoxide was purchased from Sigma-Aldrich.
Methanol and ethanol were obtained from Pancreac. Nickel
nitrate hexahydrate was purchased from Uni-Chem.

Preparation of Ni-doped TiO, films

Titanium-dioxide (TiO,) nanoparticles were synthe-
sized following a standard sol-gel technique using 13 ml
titanium(I'V) butoxide, 2.5 ml deionized water, 55 ml metha-
nol, and 2 ml hydrochloric acid [39]. During the prepara-
tion, a mixture of water and ethanol was added slowly into
a flask containing titanium butoxide, hydrochloric acid, and
methanol. The solution was stirred for 2 h at 50 °C. The
mixture was annealed at 450 °C for stable anatase-phase
nanoparticles.

Preparation of Ni-doped TiO, films

The precursor solution of the Ni-doped TiO, (Ni:TiO,)
films containing 5, 10, 15, and 20 wt% Ni ions was obtained
by titanium butoxide and nickel nitrate hexahydrate with
hydrochloric acid and methanol as the solvent and the chem-
ical modifier, respectively. Ni content was defined as the
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weight% of Ni ions to the sum of those of Ti and Ni ions in
the precursor solutions. The precursor solutions were spin-
coated on a glass substrate 3500 rpm for 120 s.

Characterization

The particle size and phase information of TiO, were con-
firmed by X-ray diffraction (XRD) using PAN Analytical
Xpert PRO XRD with Cu Ka radiation (0.154 nm) and 26
values varying from 20° to 80°. UV-visible spectrophotom-
eter (Genesys 10S) was used for absorption spectra measure-
ments of films. The film morphology and microstructures
were obtained using scanning electron microscope [field-
emission scanning electron microscopy (FESEM), JSM-
6460LV]. Fourier-transform-infrared (FTIR) spectrum of
the samples was recorded using Perkin Elmer spectrometer.
The magnetic properties (magnetization—»M, retentivity—
M., and coercivity—H) of the samples were measured using
a vibrating sample magnetometer-vibrating sample mag-
netometer (VSM) model Lakeshore-7407 at B, of 13 kQOe.

max

Results and discussion

Figure 1 depicts XRD patterns of pure and various ratios
of Ni-doped TiO, nanoparticles calcined at 450 °C. The
observed peaks confirm the formation of the anatase phase
with the tetragonal structure of TiO, matched with (JCPDS
card no. 00-004-0477). It can be seen that pure TiO, with
small amount of doping (5 and 10%) exhibit diffraction
peaks of anatase (101), (200), and (105) and brookite trace
(211). Further addition of Ni generated peaks of rutile phase
at (110) and (101).

X-ray diffraction was used to estimate peak broadening,
associated with particle size and lattice strain due to crystal
defect and dislocations [40]. The particle size of doped and
pure TiO, nanoparticle was determined using Williamson
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Fig. 1 XRD pattern of undoped and Ni-doped TiO, nanoparticles
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Fig.3 FTIR spectra for undoped and nickel doped TiO, nanoparticles

and Hall plot method. Peak broadening is contributed by
induced strain and particle size effect. One contribution
(particle size) depends on 1/cosé and other (induced strain)
varies as tangent 6. In the case of such broadening W-H plot
is suitable for the extraction of particle size and lattice strain:

Bia = Pp + Be.

where, fip = K—ﬂ

and f, = 4etané.
Dcosf

The peaks broadening in XRD pattern of doped TiO,
samples is due to doping concentration and the effect of
small particle size. Induced strain and particle size of pure
and doped samples were calculated from XRD pattern using
W-H plot, as shown in Fig. 2a. The inverse intercept on
Y-axis demonstrates particle size and slope of the line repre-
sents the lattice strain. In this study, particle size and lattice
strain have decreased fashion with an addition of dopant
material in TiO, (Fig. 2b).

Figure 3 shows the FTIR spectra of undoped and Ni-
doped TiO, nanoparticles calcined at 450 °C for 3 h. The
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Fig.4 UV-Vis spectra for undoped and Ni-doped TiO, nanoparticles

spectra for all samples are identical and reflecting that dop-
ing has no effect on bonding environment present in the host
material. The broadband around 4000-3200 cm™! is attrib-
uted to symmetric and antisymmetric stretching vibrations
of a single-bond functional group of —OH [41]. The peaks
between around 2500 and 2300 cm™! indicate the stretch-
ing of O=C=0 bond [42]. Bending vibrations related to the
hydroxyl functional group (H-O-H) appear between 1700
and 1300 cm™!. A large hump around 1100 cm™! corre-
sponds to Ti—~O-Ti bonding [43]. The presence of all above
functional groups is associated with the organic solvents uti-
lized in this experiment during sol—gel synthesis of followed
by washing with water and alcohols.

Figure 4 shows absorption spectra of pure and doped
samples, and the maximum absorbance of undoped TiO,
was found around 285 nm, with a small amount (5%) of
doping accompanied blue shift. The blue shift in the absorp-
tion spectra was explained by the Burstein—Moss effect at
a particular dopant concentration. As the amount of charge
carriers is increased, the Fermi-level lying in the conduction
band is completely filled. Thereafter, the additional-excited
electrons are supposed to enter the conduction band. How-
ever, beyond the 5% doping, the redshift was introduced in
absorption spectra. This shift is associated with the dop-
ing as well as the formation of stable phase (rutile) of TiO,
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Table 1 Comparison between

DTS S Samples (Debye Sherrer’s) W-H plot crystal-  Lattice Bandgap (eV) M, (emu/g)
crystallite size, lattlc§ strain, crystallite size (nm) lite size (nm) strain (%)
bandgap, and magnetic
saturation (M,) TiO, 9.2 12.1 0.88 3.40 2.1230E-2
5% 6.29 9.4 0.78 3.88 2.1791E-2
10% 6.58 7.7 0.70 3.85 1.4871E-2
15% 7.39 6.9 0.62 3.59 1.8384E—2
20% 7.95 74 0.54 3.78 1.8947E-2
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as illustrated in XRD. The inherent reason for red shift in
the band edge is due to the change of the sp—d exchange
interactions between the band electrons and the localized
d-electrons of the Ni*? ions [44].

The calculated bandgap of TiO, increases significantly
from 3.40 eV to 3.88, 3.85, 3.59, and 3.78 eV upon 3, 10,
15, and 20% Ni doping, respectively (Table 1). This can be
attributed to the introduction of new electron states in the
band structure of TiO, upon Ni doping [45]. With further
increase in dopant concentration, the bandgap decreases.
This trend is inconsistent with XRD results, where crystal-
lite size decreases initially with doping and increases with
increasing amount of Ni-TiO,. The band-gap values for
undoped and doped samples are shown in Fig. 5a. The effect
of doping on bandgap and particle size with various concen-
tration of Ni in TiO, is illustrated in Fig. 5b and Table 1.

The magnetic behaviors of undoped and Ni-doped TiO,
nanopowders are investigated with VSM, as shown in Fig. 6.
The obtained curves revealed that the samples exhibited fer-
romagnetic behavior [46]. The graphs show typical hyster-
esis loops due to each specimen exhibiting coercivity and
remanence (Fig. 6). It can be observed that undoped TiO,
has maximum M, which depends upon induced lattice strain.
The change in magnetic properties can be associated with the
existence of lattice strain. This lattice strain related to small
nanoparticles caused displacement of atoms which produced
structure deformation as atoms present on the surface pro-
duce surface effect by variation in position of cations and
anions that support development in magnetic behavior. The
influence of strain on magnetic behavior in the current work

@ Springer

Doping Ratio (%)

Ni doped TiO,
']“ L]
5“ o
— 10%
0.01 15%
] —20%

0.02 o

0.00

M (emu/g)

~00.01 =

-0.02 —
S10000 -7500

T v T r T v T T
-2500 (1] 2500 S000 TS0 T

Applied Field (Oe)

T T
=S000

Fig.6 Magnetism evolutions of Ni-doped TiO, films with different
Ni fractions

also has correlation with strain-induced magnetic behavior
reported previously by many authors [47-50]. Upon dop-
ing, M, increased and this trend reverses with higher amount
of doping well matched with the literatures [S1, 52]. Hong
et al. reported a decrease in M with increasing Ni doping,
although the doping range was rather small compared to the
present one [52]. From M—H curves, different parameters
such as coercivity (H,), remnant magnetization (#,), and
saturation magnetization (M) are calculated and are given
in Table 2.

The doped-free image (Fig. 7a) has small and large
grains composed of nanoparticles in the range of 10-20 nm
which are in agreement with crystallite size measured
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Table 2 Extracted

o Doping ratio
magnetization parameters

Coercivity H, (G)

Saturation magneti-
zation M, (emu/g)

Remanence M, (emu/g) Squareness

ratio = M /M,

from M—H curves of pure and Ni-TiO, (%)

Ni-doped TiO, nanoparticles 0 27472
5 226.36
10 223.57
15 229.98
20 231.46

2.1230E-2 1.2730E-3 5.9962E-2
2.1791E-2 8.9959E—4 4.12826E-2
1.4871E-2 5.30137E—4 3.5648E—-2
1.8384E—-2 6.3963E—4 3.4792E-2
1.8947E-2 8.3157E-4 4.38873E-2

Fig.7 a—e Show the FESEM
images of TiO, and various con-
centrations of Ni-doped TiO,
nanoparticles

from XRD by W-H plot method. As we added Ni-TiO,,
small-scale agglomeration was observed (Fig. 7b) and
this agglomeration increased significantly with increas-
ing amount of Ni ions in the control sample, as shown
in Fig. 7c—e. The observed particle size in doped TiO, is
around 50 nm with irregular and non-homogeneous distri-
bution relative to doped-free TiO,.

Comparison between recent and reported studies
regarding various concentration of Ni-doped TiO, NPs
with different fabrications techniques. The influence of
dopant on particle size, bandgap, and magnetic saturation
was studied, as shown in Table 3.

Conclusion

The undoped and various concentrations of Ni (5, 10, 15,
and 20%)-doped TiO, nanoparticles were successfully syn-
thesized by sol-gel method at room temperature and then
annealed at 450 °C. The XRD pattern revealed that the
pure and doped fabricated samples have tetragonal system
with anatase phase. The calculated particle size and lat-
tice strain were decreased with increasing amount of Ni in
TiO, as confirmed by W—H plot and the presence of TiO,
was confirmed by Ti—O-Ti bounding in FTIR plot. The
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Table 3 Comparison of current and reported studies of various ratios of Ni-doped TiO, NPs

Reported Ni % doped TiO, Synthesis and tem-  Particle size (nm)  Bandgap (eV) M, (emu/g) References
perature
Karthik et al. 0,4,6and 8 Sol-gel 18,17, 16, 14 X X [53]
(2010)
Hermawan et al. 0,2.5and 5 Sol—gel 18.51, 18.50,20.35 X X [54]
(2011)
Tian et al. (2012) 0,1,3,5,7and 10  Sol-gel X 3.65, 3.64, 3.52, X [55]
3.53,3.51,3.51
Rajamannan et al. 0,4,8,12 and 16 Sol-gel 15.31, 8.77, 16.04, 3.58, 3.65, 3.61, X [56]
(2014) 16.82, 11.77 3.83,4
Jin et al. (2014) Undoped Sol-gel/hydrother- 10 X X [57]
mal (240, 350 °C)
Bhatia et al. (2016) 0.25,0.50 and 1.0  Sol-gel 13.84,10.3,16.92  3.02,2.99,3.03 X [58]
Parveen et al. 0, 0.5, 1.00, 1.50 Dip coating 17.67, 15.91, X 4.1,4.4.4.8,4.7, [46]
(2017) and 2.50 15.704, 19.62, 79,14
18.84, 16.82
Maria et al. 0, 5,10, 15, 20 Sol—gel 9.2, 6.29, 6.58, 3.42, 3.85, 3.80, 0.021, 0.023, 0.015, Current work
7.39,7.95 3.75,3.70 0.018, 0.019

blue and red shift was found with small and higher con-
tents of Ni-TiO,, respectively, which enhanced the band-
gap with doping. The saturation magnetization depends
on lattice strain; highest value of magnetization (M) can
be attributed to large lattice strain and crystallite size rela-
tive to doped samples. Being a magnetic semiconductor
Ni-doped TiO, is a promising candidate for spintronics,
oxygen sensor, electron transporting layer, and UV light
absorber in photovoltaics.
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