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A B S T R A C T

In the present study, TiO2 and Nd doped TiO2 nanoparticle was synthesized through Sol-gel method with dif-
ferent molar ratio and different starting material. The synthesized nanoparticle was characterized by XRD, UV-
Vis, PL, FE-SEM, HR-TEM, and EDS analysis. The X-ray diffraction pattern confirms tetragonal anatase phase
with average crystallite size of 14–10 nm. The influence of phase transition was identified by the addition of
dopant Nd. The calculated band gap is in the range of 3.48–3.44 eV. Near UV and blue emission in PL spectrum
indicate the presence of crystal defects in TiO2 lattice. The structural morphology of the prepared sample was
analyzed by FESEM. The average particle size of the sample was determined by TEM analysis. The elemental
compositions and incorporation of Nd ions into the TiO2 nanoparticles was detected by using energy dispersive
spectra analysis. The antibacterial activity of pure TiO2 and Nd doped TiO2 nanoparticle was tested for different
bacterial organisms like Escherichia coli (Gram-negative) and staphylococcus aureas (Gram-positive) bacteria.
The photo catalytic activity of the prepared samples on degradation of Methylene Blue and Congo Red under
ultraviolet irradiation were also studied.

1. Introduction

The environmental issues and industrialization increasingly at-
tracted more attention for developing new ecofriendly water purifica-
tion technologies. The release of dye-polluted wastewater by textile
industries causes environmental problems. Synthetic organic dyes are
mainly used in the textile industry; the removal of organic and in-
organic dyes is a challenging one. The application of nanotechnology
results in wastewater treatment owing to large surface area to volume
ratio of nanomaterials [1]. The semiconductor photocatalysis has
emanated as promising technology used for wastewater treatment, de-
gradation of organic and inorganic pollutants in water. The application
of photocatalysis is in the field of microbiology and agriculture because
it is biologically inert and non- toxic. The antimicrobial agents are
promising materials such as Nano sized metals and metal oxides. The
metal oxide received more recognizing over past decade due to less
toxicity, greater selectivity etc. antimicrobial agents are used in many
industrial sectors including environmental, wastewater treatment, food
packaging, textile and medical care [2]. In the metal oxide semi-
conductors, ZnO, TiO2, Al2O3, CuO, SiO2, Fe2O3 and CeO2 are mostly
used as a antimicrobial agents. Among these metal oxide semi-
conductors, TiO2 is extensively used as an antimicrobial agents due to

their photocatalytic activity under UV light [3].
There has been tremendous progress in the research of future na-

noelectronic applications using TiO2 nanoparticles in recent years. TiO2

nanoparticles are highly investigated as a photo catalytic and photo
electro chemical material [4]. It is also the most preferred semi con-
ducting photocatalytic material due to its favorable properties like non-
toxic, chemical inertness, stability, photosensitive etc. [5]. A growing
interest in the development of well-structured, porous, high surface
area, TiO2 nanoparticles were used in many applications including
building materials, medicaments production, pollutants destructions,
solar energy conversion, photo catalyst, and antimicrobial activity. This
application not only depends on the properties of TiO2 but also on the
crystalline structures of TiO2 [6]. TiO2 is usually in the forms of ana-
tase, rutile, and brookite crystal phase. Anatase form of TiO2 is more
stable and more efficient in photo activity when compared with rutile
and brookite [7].

Nowadays many studies have been devoted for the improvement of
the antibacterial and photocatalytic properties of TiO2 nanoparticles,
the investigations suggests that these properties can be enhanced by
doping with transition metals, non-metals,noble metals and rare earth
metals [8]. The most important effects of doping are increasing the
surface area, phase transformation, and particle size reduction [9].
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Doping with rare earth metals like La, Ce, Er, Pr, Gd, Nd, and Sm with
TiO2 nanoparticles is to enhance the photocatalytic and antibacterial
properties. Several rare earth metals are used as a dopant for TiO2

nanoparticles to improve the antibacterial and photocatalytic activities
[10]. Neodymium is one of the element of lanthanide has obtained
focus on several investigations because of its particular optical and
magnetic properties and promising applications in the field of optoe-
lectronic and magnetic devices [11]. Further, Nd doping with TiO2

nanoparticles reduces the band gap and improves the possibilities of the
photocatalytic degradation under visible light [12].

Several methods are available for the synthesis of TiO2 nano-
particles such as hydrothermal method, solvothermal method, sol gel
method, direct oxidation method, chemical vapour deposition, electro
deposition, sonochemical method, and microwave method [13,14].
Among all these methods, the sol gel method is the best method because
of its unique advantages including economic feasibility, simple lab
equipment, less energetic conditions, possibilities of preparing powder,
purity, and homogeneity [15].

Rui Tang et al., investigated the photocatalytic activity of N doped
TiO2 decorated N doped graphene composites by sol gel -method. N-
RGO/N-TiO2 composites effectively enhanced the photocatalytic ac-
tivity than pure TiO2 [16]. Previous reports on Nd doped TiO2 nano-
particles focused on optical, structural, morphological and photo-
catalytic properties [17]. In this present work, pure TiO2 and Nd doped
TiO2 nanoparticles were prepared by the sol gel method. The influence
of various mole fractions of Nd3+ ions in TiO2 nanoparticles, structural,
optical, antibacterial, and photocatalytic properties were investigated
in detail.

2. Experimental details

2.1. Materials

Synthesis of pure TiO2 and Nd doped TiO2 nanoparticles were car-
ried out using analytical grade Titanium (IV) Isopropoxide (Merck,
97%), Neodymium (III) acetate dihydrate (Nd (OOCCH3)·2H2O)
(Merck, 98%), Sodium Hydroxide (Merck, 99%), acetic acid (Merck,
99%) and ethanol (Merck, 99%) without any purification.

2.2. Preparation of pure and Nd doped TiO2 nanoparticles

Pure TiO2 and Nd doped TiO2 nanoparticles were synthesized by
sol-gel technique. Titanium (IV) isopropoxide (TTIP) was dissolved in
50ml of isopropyl alcohol with vigorous stirring to avoid agglomera-
tion. 2 ml of acetic acid were added to the above solution under con-
stant stirring to complete the hydrolysis. A small amount of sodium
hydroxide solution was added into the solution until it reaches pH 9.
The transparent sols were allowed to aged for 24 h and washed 2–3
times with ethanol, distilled water and sodium hydroxide solution to
remove metal ions present in the sols. Then the transparent sols were
centrifuged at 8000 rpm for 15min. Finally, the precipitate was dried at
120 °C for two hrs and annealed at 600 °C for 3hrs to obtain TiO2 na-
noparticles [18]. Nd doped TiO2 nanoparticles were synthesized by
same method as followed for the preparation of TiO2 nanoparticles,
except isopropyl alcohol was used as solvent for required amount of
Neodymium(III) acetate dehydrate with different molar ratio (0.5 mM,
1.0 mM, 1.5mM, 2.0 mM) and concentration of acetic acid was changed
for hydrolyis.

3. Characterization techniques

Crystalline structure of the prepared samples were investigated
using a powder X- ray diffractometer (PANa-lytical X′ Pert Pro) with Cu-
Kα radiation source (wavelength: 1.5418 Å) and operating voltage and
current was maintained at 45 kV and 30mA respectively. The UV-
Visible absorption spectra of prepared samples were recorded using

JASCO (V-770, Japan) spectrophotometer. A PL spectrum was recorded
at room temperature using JASCO spectroflurometer (Model FP8300,
Japan) equipped with Xenon lamp. Field Emission Scanning Electron
Microscope (ZEISS EIGMA) and High Resolution Transmission Electron
Microscope (JOEL JEM- 2010) examined the size and morphology of
the prepared samples. Energy Dispersion Spectrometer was used to
carry out the elemental analysis using JOEL JEM- 2010.

3.1. Antibacterial assay

The pathogens Staphylococcus aureus and Escherichia coli were
obtained from the Microbiology Laboratory, Kovai Medical Centre and
Hospital, Coimbatore, South India. Kirby – Bauer disk diffusion method
were performed against human pathogenic bacteria such as staphylo-
coccus aureas (Gram positive) and Escherichia coli (Gram negative) for
an antibacterial disk susceptibility tests. The standard inoculums is
inoculated in the plates were prepared by dipping a sterile in the in-
oculums and poured on the petri dishes. After solidification, the petri
dishes were spread with bacteria 2–3 times by rotating the plates at 60°
to ensure homogenous distribution of inoculums. The inoculums were
left to dry at room temperature with the closed lid. After inoculation,
sterile discs stacked with prepared nanoparticles (100 μg of prepared
samples) and standard ciprofloxacin (10 μg) were placed in the petri
dish with the help of sterile forceps. Then the petri plates were in-
cubated at 37 °C for 24 h. After incubation, the Zone of inhibition was
measured in terms of diameter.

3.2. Measurement of photo catalytic activity

The photocatalytic activity of as prepared pure TiO2 and Nd doped
TiO2 nanoparticles were analyzed by measuring the degradation rate of
Methylene Blue(MB) and Congo Red(CR) dye solution using a photo
reactor with two 20W ultraviolet (UV) lamps which was used as the UV
source for irradiation. In this experiment, 20mg of pure TiO2 and Nd
doped TiO2 nanoparticles were added to 100ml of dye solution (40mg/
L) placed in a glass beaker. In each experiment, the solutions were
stirred for 30min under dark conditions to assure the formation of
adsorption and desorption equilibrium of dyes on the pure TiO2 and Nd
doped TiO2 nanoparticles, then the solution was irradiated under UV
light. The pH of the solution was neutral. At 15min interval, 10ml of
the solution was extracted from the solution and color removal of dye
solution was determined by using UV- Vis spectrophotometer. UV-Vis
spectroscopy was used to analyse the absorption changes, which is
dependent to time between 400 and 800 nm. All these experiments
were done at room temperature.

4. Results and discussion

4.1. Structural analysis

Fig. 1(A) shows the XRD pattern of as prepared TiO2 nanoparticle.
The determined characteristics 2Ɵ values are 25.37°, 37.87°, 48.13°,
54.22°, 55.10°, 62.85°, 68.80°, 70.25° and 75.22° and corresponding hkl
plane values are (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6),
(2 2 0) and (2 1 5) respectively. All the diffraction peaks were well
matched with JCPDS Card no. 89-4921. All the diffraction peaks are
corresponding to tetragonal anatase phase of TiO2 nanoparticle.
Fig. 1(B-E) shows the XRD pattern of Nd doped TiO2 nanoparticles with
different concentration of dopant Nd. From the XRD pattern of Nd
doped TiO2 nanoparticle, the separate peak at 31.78 (1 2 1) indicates
the presence of Brookite phase of TiO2 and it is excellent agreement
with the JCPDS Card no. 21-1272. The peaks at 45.48 (2 1 0) and 55.10
(1 1 0) correspond to rutile phase of TiO2 nanoparticles. In TiO2 and Nd
doped TiO2 nanoparticles, anatase phase is the prominent crystallite
phase. The XRD pattern of TiO2 nanoparticles has anatase crystalline
phase. When Nd doped with TiO2 nanoparticles, new peaks and shifts in
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prominent peaks were observed. This may be assigned to the fact that
the neodymium ions were dispersed well on the surface of TiO2 nano-
particles. The shifts in peaks were also caused by defects in the crystal
lattice and differ in ionic radii of metals [19].

The mass percentage of Anatase (WA), Rutile (WR) and Brookite
(WB) were calculated from the following equation.

=

+ +
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where KA and KB were coefficient with values 0.886 and 2.721. AA, AR

and AB indicates the highest intensities of Anatase, Rutile, and Brookite
phases [20].

The pure TiO2 nanoparticle contains 100% anatase phase, there is
no rutile and brookite phase. It might be due to the presence of
minimum amount of oxygen vacancies in TiO2 nanoparticles during

particle growth, inhibit the transformation of anatase to rutile and
brookite phase [21]. While in XRD pattern of Nd doped TiO2 nano-
particle shows the mixture of anatase, rutile and brookite phase of TiO2

nanoparticle. The mass fraction of Anatase phase was decreased when
doping concentration of Nd increases. When Nd doped with TiO2 na-
noparticles, the phase transformation of nanoparticle occurs, this might
be due to change of acid concentration and temperature [22]. Acid
concentration and temperature has major factors affecting the phase
transformation because the kinetics of reaction takes place was changed
and the amount of OH- was varied by acid concentration and tem-
perature [23].

The average crystallite size of prepared nanoparticles were calcu-
lated using Debye- Scherer's equation for anatase diffraction peaks [24],

=D Kλ
βCOSƟ (4)

where D is the crystallite size, λ is the wavelength of X- ray radiation
(0.1541 nm), K is the constant usually taken as 0.89, and β is the peak
width at full wave maximum. The calculated crystallite size and phy-
sical parameters of prepared samples are shown in the Table 1. The

Fig. 1. (A) XRD pattern of Pure TiO2 Nanoparticle. XRD pattern of (B) 0.5 mM of Nd (C) 1mM of Nd (D) 1.5 mM of Nd (E) 2mM of Nd doped TiO2 Nanoparticles.
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crystallite size of TiO2 nanoparticle decreases, when the doping con-
centration of Nd increases. This is because of the adsorptions of neo-
dymium ion inhibit the growth of TiO2 nanoparticle. The lattice para-
meters of semiconducting materials are usually depends on the defects,
impurity atoms, and dissimilar in ionic radii of metals [25]. The lattice
parameters varies with respect to distinct ionic radii of Nd3+ ion and
Ti4+ ion.

The lattice constants of TiO2 and Nd doped TiO2 nanoparticles were
calculated using the following equation [26].

=
+

+
1
d

h k
a

l
c2

2 2

2

2

2 (5)

where d is the interplanar distance and h, k and l are the miller indices.
Moreover a and c are lattice parameters of tetragonal structure. When
concentration of dopant Nd increases, the lattice parameter increases,
and crystallite size decreases. In this case, c/a ratio value decreases with
increasing the concentration of dopant Nd. This shows that the Nd3+

ion was successfully incorporated into the TiO2 crystal lattice.
The volume (V) of the unit cell for tetragonal structure of TiO2

nanoparticle was calculated from the following equation [27].

=V a cÅ2 3 (6)

where a and c are the lattice parameter and were estimated from the
peaks with highest intensities of the patterns, that is reflection of planes
(1 0 1) for anatase phase. The estimated unit cell volume for TiO2 and
Nd doped TiO2 nanoparticles were 131.97 Å3, 133.09 Å3, 135.61 Å3,
137.35 Å3 and 139.65 Å3 respectively. This shows that the unit cell
volume of TiO2 nanoparticles also increases with increasing the dopant
concentration of Nd.

Further dislocation densities (δ), microstrain (ε), bond length (L)
and positional parameter (u) of tetragonal TiO2 and Nd doped TiO2

nanoparticles were calculated by using the following relation [28].
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where a and c are the lattice parameters and u is the positional para-
meter.

The calculated unit cell volumes, dislocation density, strain and
bond lengths were listed in the Table 2. The bond length values are
found to be increasing with increase in doping concentration of Nd.
This may be due to the effect of replacement of Ti4+ ion by Nd3+ ion in
to the TiO2 lattice. The average crystallite size of TiO2 and Nd doped
TiO2 nanoparticles were found to be 14–10 nm. The common qualities
of photoactive TiO2 nanoparticles include high crystallites, small

crystallite size [29]. Therefore, the smaller crystallite size of prepared
nanoparticles provides good antibacterial and photocatalytic activity.

4.2. Optical absorption studies

The optical properties of pure TiO2 and Nd doped TiO2 nano-
particles were successfully investigated by UV-Vis absorption spectro-
scopy. The optical properties of as prepared nanoparticle becomes in-
creasing more and more prominent when particle size reduced in
nanoscale. The UV-Vis absorption spectra for pure TiO2 and Nd doped
TiO2 nanoparticles with different concentration of dopant Nd is shown
in Fig. 2 in the range from 200 to 800 nm wavelengths.

The absorbance value is depends on the particle size and defects in
the crystal lattice. The absorption value of Pure TiO2 and Nd doped
TiO2 nanoparticles were 356 nm, 357 nm, 358 nm, 359 nm, and 360 nm
respectively. All the absorption peaks are in the visible region (>
400 nm) due to the exciton recombination at room temperature [30]. As
the doping concentration of Nd with TiO2 increases, the absorption
peaks shifts to higher wavelengths (red shifted) and it further decreases
the bandgap (Eg), it may be due to strain and defects in crystal lattice of
TiO2 nanoparticle. These peaks may occur due to the transition of
electrons from conduction band to valence band [31]. All these factors,
leads to the reduction of crystallite size of TiO2 nanoparticle when Nd
doped with TiO2 nanoparticles, which was further confirmed by XRD
results.

The bandgap energy (Eg) of Pure TiO2 and Nd doped TiO2 nano-
particles were calculated by using the following equation [32].

=E hc
λ

eV( )g (11)

where h is the Planck's constant, c is the velocity of light and λ is the
wavelength (absorption edge). The band gap energy of Pure TiO2 and
Nd doped TiO2 nanoparticles were 3.48 eV, 3.47 eV, 3.46 eV, 3.45 eV,
and 3.44 eV respectively. The calculated band gap energy was com-
pared with standard energy of band gap of bulk TiO2 material (3.2 eV).
The band gap energy was related to the crystal structure, phase com-
position, particle size, and morphology of the nanoparticles [33]. The
calculated band gap energy was given in the Table 3. The decrease in
bandgap energy with increasing the doping concentration of Nd shows
that the Nd3+ ion incorporated into the TiO2 crystal lattice.

The direct band gap energy (Eg) was calculated using the following
tauc plot equation [34].

=αhν B hν Eg( ) ( – )2 1 2/ (12)

where hν is the photon energy, α is the absorption coefficient and B is
the constant

The (αhν)2 versus hν is shown in the Fig. 3(A-E). The estimated
direct optical bandgap energy values of Pure TiO2 and Nd doped TiO2

nanoparticles were 3.3 eV, 3.29 eV, 3.28 eV, 3.27 eV, and 3.26 eV re-
spectively. It found that the direct optical bandgap of TiO2 nanoparticle
decreases with increasing the concentration of dopant Nd. This attrib-
uted to the size quantization of semiconducting nanomaterial. The size

Table 1
Structural parameters of Pure TiO2 and Nd doped TiO2 Nanoparticles.

S.no Nd concentration 2Ɵ Crystallite size (nm) Anatase Rutile Brookite Lattice Parameter Atomic packing factor c/a

(%) (%) (%) a (Å) c (Å)

1 0.0mM 25.16 14.3 100 – – 3.721 9.532 2.561
2 0.5mM 25.25 13.82 68 12 20 3.735 9.541 2.554
3 1.0mM 25.35 13.12 66 11 23 3.756 9.613 2.559
4 1.5mM 25.31 12.11 63 12 25 3.772 9.654 2.559
5 2.0mM 25.3 9.8 60 13 27 3.797 9.687 2.551

Standard JCPDS Card no. (89-4921) a =3.777 (Å) c = 9.501 (Å).
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quantization occurs due to electron and holes confined in a certain
volume of semiconducting nanomaterial. [35]. This may be assigned to
the f-f or 4f transition of electrons of Nd3+ ion that are substituted in to
the Ti4+ ion [36]. As a result, decrease in bandgap energy increases the
photocatalytic activity of pure TiO2 and Nd doped TiO2 nanoparticles.

4.3. Photoluminescence studies

The optical and photo electronic properties of prepared nano-
particles were investigated by using photoluminescence spectrum. The
cause of main photoluminescence emission in any semiconductor is
prominently due to radioactive recombination of electrons and holes in
the semiconducting metals [37]. The Fig. 4 shows the photo-
luminescence spectra of pure TiO2 and Nd doped TiO2 nanoparticles
with different doping concentration of dopant Nd in the range
350–550 nm.

The PL spectra of Pure TiO2 nanoparticles exhibit two emission
peaks at 390 nm and 459 nm. The peak at 390 nm corresponds to UV
emission region. This UV emission region may be due to the near band
edge emission, which causes the recombination of electron and hole on
the surface of TiO2 nanoparticles. There were a lot of oxygen vacancies
and defects on the surface of TiO2 nanoparticles. Those surfaces of TiO2

nanoparticles can easily binds to the photo induced electrons to form
excitons [38]. The peak at 459 nm corresponds to blue emission, which
are emerge from the overlapping of the electron in the donor level of
conduction band with the holes in the valance band [39]. The PL
spectra of Nd doped TiO2 nanoparticles shows peaks at 386 nm,
387 nm, 388 nm, and 389 nm respectively. The dopant Nd does not give
rise to new PL spectrum. Doping Nd ion with TiO2 nanoparticle leads to
decrease of intensity. Decrease in intensity also enhanced the charge
transfer of electrons. On comparing the PL spectra of Nd doped TiO2

nanoparticles with the PL spectra of TiO2 nanoparticle, the peak posi-
tion of UV emission region slightly shifts to wavelength region from
386 nm to 389 nm. The decrease in intensity might be attributed to the
decrease in particle size of Nd doped TiO2 nanoparticles with respect to
TiO2 nanoparticles. The result confirms that the PL intensity depends on
the various concentrations of dopant Nd ions. The increase in wave-
length and decrease in crystallite size usually increases the content of
oxygen vacancies and exhibit good photocatalytic activity.

4.4. Morphology and compositional analysis

4.4.1. Field emission scanning electron microscope
The size and morphology of the nanoparticles were determined by

using FESEM analysis. Fig. 5 shows the FESEM images of pure TiO2 and
Nd doped TiO2 nanoparticles with heterogeneous morphology with
non- uniform distribution and also irregular arrangement. The particle
sizes of TiO2 nanoparticles are agglomerated. When Nd doped with
TiO2 nanoparticles, agglomeration was reduced and it inhibited the
particle size. The FESEM images reveal simple aggregation of spherical
like particles with decreasing particle sizes.

4.4.2. High resolution transmission electron microscope
High Resolution transmission electron microscopy (HRTEM) was

useful to understand and study the doping of neodymium ion into the
TiO2 nanoparticles. HRTEM analysis was performed to study the in-
corporation or distribution of dopant Nd ions into the TiO2 nano-
particles, crystalline nature, particle size, and morphology of as pre-
pared samples. TEM images of pure TiO2 and Nd doped TiO2

nanoparticles with 0.5 mM and 2mM concentrations were shown in
Fig. 6(a-c). A TEM image in Fig. 6(a-c) shows that the non-uniform
distributed particles with agglomeration. The agglomeration of nano-
particles might be attributed to the combined larger and smaller par-
ticles. Because, the smaller particle size of titanium nanoparticles ag-
glomerated with the larger particle size [40]. The particle size of pure
TiO2 and Nd doped TiO2 nanoparticles with dopant concentration of
0.5 mM and 2mM were found to be in nanoscale with the grain size less
than 10 nm. Fig. 6(d-f) depicts the high resolution TEM images of pure
TiO2 and Nd doped TiO2 nanoparticles with dopant concentrations of
0.5 mM and 2mM for the analysis of lattice fringes. The results in-
dicates that the all the prepared samples shows the uniform distribution
of nanoparticles with fine crystalline nature. All the prepared nano-
particles resembles high crystalline in nature. The lattice spacing were
found to be 0.4337 nm, 0.4415 nm and 0.4550 nm which represents the
(1 0 1) anatase phase of nanoparticles and it was further confirmed by
XRD results, while Nd with doped TiO2 nanoparticles phase transfor-
mation occurs. However, in all the prepared samples anatase phase is
the prominent peak. From the results, d-spacing value was increasing

Table 2
Physical parameters of Pure TiO2 and Nd doped TiO2 Nanoparticles.

S.no Nd concentration Volume (V)(Å 3) Dislocation density (δ) (line × m−2) Strain (ε) Positional parameter (u) Bond length (L) (Å3)

1 0.0 mM 131.97 4.890 E+14 0.0024 0.3007 2.87
2 0.5 mM 133.97 5.235 E+14 0.0025 0.3008 2.873
3 1.0 mM 135.61 5.890 E+14 0.0026 0.301 2.891
4 1.5 mM 137.35 6.818 E+14 0.0028 0.3011 2.903
5 2.0 mM 139.65 10.412 E+14 0.0035 0.3012 2.917

Fig. 2. UV-Vis absorption spectra of (A) Pure TiO2 (B) 0.5 mM of Nd (C) 1mM
of Nd (D) 1.5 mM of Nd (E) 2 mM of Nd doped TiO2 Nanoparticles.

Table 3
Calculated band gap energy values of Pure TiO2 and Nd doped TiO2

Nanoparticles.

S.no Nd concentration Wavelength
(nm)

Optical
bandgap
energy (eV)

Bandgap energy
calculated from
tauc plot (eV)

1 0.0mM 356 3.48 3.3
2 0.5mM 357 3.47 3.29
3 1.0mM 358 3.46 3.28
4 1.5mM 359 3.45 3.27
5 2.0mM 360 3.44 3.26
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when Nd doped with TiO2 nanoparticles. Similar results were observed
and reported in Cr doped TiO2 nanoparticles which can be attributed to
the defects when metals are doped with metal oxide nanoparticles [41].

Further, the crystallinity of pure TiO2 and Nd doped TiO2 nano-
particles with doping concentrations of 0.5mM and 2mM were ex-
amined by selected area diffraction (SAED) pattern and shown in
Fig. 6(g-h) respectively. The ring pattern indicates that the all the
samples were well crystalline in nature with (1 0 1) anatase phase with
high intensity. All the plane values were good agreement with the XRD
results. The average particle size of pure TiO2 and Nd doped TiO2 na-
noparticles were found to be 16.34 nm, 15.12 nm and 11.82 nm re-
spectively. The estimated particle sizes were in good agreement with
the calculated crystallite size from the XRD patterns. The decrease in
crystallite size, intensity of the peaks and phase transformation were
observed in Nd doped TiO2 nanoparticles.

4.4.3. EDS analysis
The contents and chemical composition of nanoparticles were stu-

died by EDS spectra. Fig. 7(a-c) shows the EDS spectra of pure TiO2 and
Nd doped TiO2 (0.5 mM and 2mM of Nd) nanoparticles. The presence
of Ti, Nd and O element in the sample were confirmed by EDS spec-
trum. The presence of C and Cu in the EDS spectrum arise from Cu grid
used for sample specimen. The atomic percentages of Nd in the sample
were calculated as (~ 0.1%) which clearly indicates the presence of Nd
ion in the TiO2 nanoparticles.

5. Antibacterial activity

In the present study, the antibacterial activity of pure TiO2 and Nd
doped TiO2 nanoparticles against staphylococcus aureas (Gram posi-
tive) and Escherichia coli (Gram-negative) bacteria were investigated.
Antibacterial activity of TiO2 nanoparticle mainly depends on the pre-
sence of reactive oxygen species (ROS). The ROS properties are mainly

Fig. 3. (A) Tauc plot of pure TiO2 Nanoparticle. Tauc plots of (B) 0.5 mM of Nd (C) 1 mM of Nd (D) 1.5mM of Nd (E) 2mM of Nd doped TiO2 Nanoparticles.
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due to the smaller in particle size and larger surface area of nano-
particles and increase in oxygen vacancies. The increase in oxygen
vacancies results in more reactive oxygen species. ROS is mainly de-
pends on two factors (a) effectiveness of the reactant for diffusion (b)
The increase in oxygen vacancies [42]. The superoxide (O2

-) radicals
and hydroxyl radicals (OH.) related to the ROS properties and it can
penetrate into the cell membrane and causes damage to DNA and leads
to leakage of minerals, protein and genetic material and cell death [43].

The photoactive TiO2 and Nd doped TiO2 nanoparticles were used
for investigate the antibacterial activity. The electron – hole pair split
the water molecules (H2O) into hydroxyl radicals (OH.) and hydrogen
ion (H+) molecules from the TiO2 nanoparticles. Dissolved oxygen
molecules were converted into superoxide radical anions (O2

-) and

react with hydrogen ion (H+) to produce (HO2
-) radicals. These (HO2

-)
radicals collide with electrons and produce hydrogen peroxide anions
(H2O2

-). The hydrogen peroxide (H2O2) reacts with H+ ion to generate
hydrogen peroxide molecule. Hydrogen peroxide can interact with the
cell wall of bacteria and leads to death [44]. The generation mechanism
of free radicals with the help of TiO2 and water when illuminated with
light were given below [45].

+ → +
− +Ti hν TiO e h0 ( )2 2 (13)

+ → + +
+ +H O TiO h TiO OH H( ) .2 2 2 (14)

+ → +
−O TiO e TiO O( ) .2 2 2

_ (15)

+ →
− +O H HO2 2 (16)

+ →
− +HO H H O .2 2 2 (17)

Fig. 8 shows the various mechanism of antibacterial activity of na-
noparticles. The antibacterial activity of TiO2 nanoparticles further
depends on the presence of Ti4+ ions and crystallite size of as prepared
nanoparticles. The crystallite size was decreases When Nd doped with
TiO2 nanoparticles, which was confirmed by XRD results. Fig. 9(a, b)
shows the observed Zone of inhibition of pure TiO2 and Nd doped TiO2

nanoparticles for E.Coli and S.aureas. The observed Zone of Inhibition
in diameter was increased when doping concentration of Nd increases.
This is due to smaller crystallite size. The antibacterial activity of pure
TiO2 and Nd doped TiO2 nanoparticles against staphylococcus aureas
(Gram positive) and Escherichia coli (Gram negative) are shown in the
Table 4. In comparison, the antibacterial activity of gram- positive and
gram-negative bacteria, the killing effect is higher in Escherichia coli
(Gram- negative) than the staphylococcus aureas (Gram- positive)
bacteria. The difference in killing effect might be due to variations in
cell structure and chemical composition of bacteria. The cell wall of
gram-positive bacteria contains thick peptidoglycan and teichoic acid
on the outside of plasma membrane. But in the cell wall of gram ne-
gative bacteria contains thin peptidoglycan surrounded by

Fig. 4. PL Spectra of (A) Pure TiO2 (B) 0.5 mM of Nd (C) 1mM of Nd (D)
1.5 mM of Nd (E) 2mM of Nd doped TiO2 Nanoparticles.

Fig. 5. FESEM images of (a) Pure TiO2 (b) 0.5 mM of Nd (c) 1mM of Nd (d) 1.5 mM of Nd (e) 2 mM of Nd doped TiO2 Nanoparticles.
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lipopolysaccharides and it contains negatively charged particles,
therefore the titanium ions (Ti4+) were easily capable to attach the
sulfhydryl group (SH) of enzymes of bacteria which leads to cell death
quickly [46]. Therefore, the killing effect is higher in gram negative
bacteria than the gram positive bacteria.

Fig. 10(a, b) shows the antibacterial activity of TiO2 and Nd doped
TiO2 nanoparticles. From the antibacterial tests, it was concluded that,
Nd doped TiO2 nanoparticles render more effective antibacterial ac-
tivity than the pure TiO2 nanoparticles. Moreover, the killing effect of
Nd doped TiO2 nanoparticles increases when the concentration of do-
pant Nd increases. Because the doping concentration of Nd increases,
the crystallite size decreases. The smaller particle size leads to larger
surface area. Therefore, it can easily penetrate into the cell wall and
leads to cell death. It is also interesting that, the both pure TiO2 and Nd
doped TiO2 nanoparticles shows good antibacterial activity towards
gram-negative bacteria than the gram-positive bacteria. The result

clearly indicates that the presence of as prepared nanoparticles leads to
the breakages of cell membrane of gram- negative and gram-positive
bacteria. The antibacterial activity of TiO2 nanoparticles (metal oxide
compounds) depends on the crystalline nature, particle size, surface
area, porosity and oxygen vacancies [47].

6. Photocatalytic activity

When TiO2 nanoparticles are irradiated by UV light, the electrons in
the valence band are excited to conduction band to generate electron –
hole pairs [48]. The holes in TiO2 nanoparticles reacts with water
molecules or hydroxide ions and to form hydroxyl radicals. The hy-
droxyl radicals is a powerful oxidation agent that attack organic pol-
lutants. This process results in the photo oxidation of organic pollutants
with the following process:- (i) light adsorption of the photo catalyst (ii)
production of electron and hole pairs (iii) recombination of charge

Fig. 6. TEM images of (a) Pure TiO2 (b) 0.5 mM Nd (c) 2mM Nd doped TiO2 Nanoparticles. Lattice fringes of d) Pure TiO2 e) 0.5 mM of Nd f) 2 mM of Nd doped TiO2

Nanoparticles. SAED PATTERN of g) Pure TiO2 h) 0.5mM of Nd i) 2mm of Nd doped TiO2 Nanoparticles.
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carriers and (iv) usage of charge carriers by the reactants [49]. In ad-
dition, large amounts of oxygen vacancies were created when Nd doped
with TiO2 nanoparticles. On the other hand, Nd doped TiO2 nano-
particles, Nd3+ ions can be served as electron scavengers, which may
react with super oxide and prevent the electron hole pair recombination
process. The mechanism for the improved photocatalytic activity of

pure TiO2 and Nd doped TiO2 nanoparticles were as follows [50].

+ → +
+ −TiO hν h e2 (18)

+ →
− −e O O2 2 (19)

+ →
+ −h OH OH (20)

+ →
− +O H OH2 22 (21)

+ →OH dye Degradation products (22)

Fig. 7. EDS Spectra of a) Pure TiO2 b) 0.5mM of Nd c) 2mm of Nd doped TiO2 Nanoparticles.

Fig. 8. Typical diagram of mechanism of antibacterial activity of metal ion NPs.

Fig. 9. (a, b) Escherichia coli and Staphylococcus aureas bacteria medium Inhibition zone of a) Pure TiO2 b) 0.5 mM of Nd c)1mM of Nd d) 1.5 mM of Nd e) 2 mM of
Nd doped TiO2 Nanoparticles.

Table 4
Inhibition zone diameters of Escherichia coli and Staphylococcus aureas for
Pure TiO2 and Nd doped TiO2 Nanoparticles.

S.No Nd concentration Inhibition zone diameter (mm)

E.Coli S.aureus

1 Control 18 7
2 0.0mM 20 8
3 0.5mM 22 9
4 1.0mM 24 10
5 1.5mM 26 12
6 2.0mM 28 13
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+ → +
+ − +d H dN O N OH3 2 (23)

+ →OH dye degraded products (24)

However, photocatalytic activity also depends on crystalline nature
of nanoparticles, particle distribution, and surface morphology [51].

Methylene blue (MB) and Congo red (CR) dyes where used as a
pollutant for photo degradation. The photocatalytic activities of as
prepared samples were carried out by the degradation of dyes in aqu-
eous solution. The degradation of both the dyes was evaluated for pure
TiO2 and Nd doped TiO2 nanoparticles. The UV- visible spectra of pure
TiO2 and Nd doped TiO2 (0.5 mM and 2.0mM of Nd) nanoparticles for
Methylene blue (MB) as a function of time were shown in Fig. 11(a- c).
It shows that there is no degradation of dye takes place in the absence of
irradiation. When irradiation time was increased from 0 to 45min, the
intensity of absorption peaks gradually decreases. This leads to dyes
were photo degraded and that the photo degradation was increased
when Nd doped with TiO2 nanoparticle. Fig. 12 shows the photo cat-
alytic efficiency of pure TiO2 and Nd doped TiO2 nanoparticles. The
photo catalytic efficiency was estimated by the following relation [52].

=
−X C C

C
x100(%) 0

0 (25)

where X is the photo degradation efficiency, Co is the initial con-
centration of dye and C is the concentration of time in the suspension
after time t. The efficiency of pure TiO2 and Nd doped TiO2 nano-
particles (0.5 mM and 2.0mM of Nd) after 45min were 74%, 90% and
92%. The efficiency percentage is higher for Nd doped TiO2 nano-
particles when compared with pure TiO2 nanoparticles. Fig. 13(a-c)
shows the absorption spectra of pure TiO2 and Nd doped TiO2 and Nd
doped TiO2 (0.5 mM and 2.0 mM of Nd) nanoparticles for Congo Red
dye. The result shows that there is no degradation of dye takes place in
the absence of irradiation. When irradiation time was increased from 0

to 30min, the intensity of absorption peaks gradually decreases. This
indicates that the dyes were photo degraded by the as prepared samples
and that the photo degradation was increased when Nd doped with
TiO2 nanoparticle. Fig. 14 shows the photo catalytic efficiency of pure
TiO2 and Nd doped TiO2 (0.5 mM and 2.0mM of Nd) nanoparticles. The
efficiency of pure TiO2 and Nd doped TiO2 nanoparticles (0.5 mM and
2.0 mM of Nd) after 30min were 64%, 72%, 86%. The efficiency per-
centage is higher for Nd doped TiO2 nanoparticles when compared with
pure TiO2 nanoparticles. Photocatalytic efficiency is higher for Nd
doped TiO2 nanoparticles (2mM). Therefore reusability, stability and
TOC analysis were done for higher concentration of Nd doped TiO2

nanoparticles.

Fig. 10. (a) Size of Zone of inhibition, Control A) Pure TiO2 B) 0.5 mM of Nd C)
1mM of Nd D) 1.5 mM of Nd E) 2mm of Nd doped TiO2 Nanoparticles. (b) Size
of Zone of inhibitions, Control A) Pure TiO2 B) 0.5 mM of Nd C) 1mM of Nd D)
1.5 mM of Nd E) 2mM of Nd doped TiO2 Nanoparticles.

Fig. 11. The UV- visible spectra of (a) Pure TiO2 (b) 0.5 mM of Nd (c) 2 mM of
Nd doped TiO2 Nanoparticles for Methylene blue (MB) as a function of time.
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6.1. Reusable capacity of the catalyst

For the assessment of re-usability of Nd doped TiO2 nanoparticles
(2 mM) for both MB and CR, it was subjected to consecutive photo-
degradation of Dye solution under same reaction conditions (20mg of
catalyst +100ml of dye solution (40mg/L)). Photocatalyst was re-
covered after each experiment by centrifugation. The centrifuged
photocatalyst was dried in hot-air oven and powdered using Mortar.
The photocatalyst was found to be effective even after 5 consecutive
photodegradation processes, suggesting that the photocatalyst possess
high photocatalytic activity, recoverable and easily reusable. Hence, Nd
doped TiO2 nanoparticles (2 mM) were found to be a better photo-
catalyst for both dye degradation under UV light illumination.

6.2. Stability of the catalyst

Stability was one of the important factor of photocatalyst. For the
effective reuse and regeneration of photocatalyst, it was subjected to
photocatalytic reaction using both the dye solution under optimized
condition consequentially. The photocatalytic efficiency after utilizing
five times was more than 92% for both dyes, which did not significantly
decrease and cycle efficiency was shown in Fig. 15. Therefore, the
photocatalytic performance of Nd doped TiO2 nanoparticles (2 mM)
was stable and potential for practical application in future.

6.3. Total organic carbon analysis

Total organic carbon (TOC) analysis was accomplished to determine
the degree of mineralization of the dye molecules (MB and CR) during
the photodegradation process. The degradation process may results in
the formation of colorless toxic dye intermediate products [53,54]. This
analysis was done by using TOC analyser (Analytikjena/multiN/C3100)
for different interval of time up to 3 h with Nd doped TiO2 nanoparticles
(2 mM) because of its highest degradation efficiency. The results of TOC
analysis were shown in Fig. 16. The maximum TOC removal was
around 86% for MB and 78% for CR. The results also indicates the
probability of converting the dye molecules into other intermediate
compounds still it exits in the solution irrespective of the degradation of
dye which may leads to complete mineralization. The intermediated
compounds of dye degradation solution have been reported in lomora
et al., i.e hydroxyl and naphthalene (CR) and demethylation inter-
mediate (MB) [55]. In future, this catalyst further doped with any
transition metals, biopolymer, or carbon sources for gas sensor appli-
cations.

7. Conclusion

The potential applications of TiO2 nanoparticles such as

photocatalytic, antiseptic, antibacterial, and antifungal properties have
attracted significant interest in wide range of applications. TiO2 and Nd
doped TiO2 nanoparticles were synthesized by sol-gel method with
different molar ratio of Nd. The characteristics of TiO2 and neodymium
doped TiO2 nanoparticles were investigated by X-ray diffraction (XRD),
UV-Visible Absorption spectroscopy (UV-Vis), Fourier Transforms
Infrared spectroscopy (FTIR), Field Emission Scanning Electron
Spectroscopy (FESEM), High Resolution Transmission electron
Spectroscopy (HRTEM) and Energy Dispersive Spectra (EDS). XRD
analysis showed that TiO2 and Nd doped TiO2 nanoparticles contains
pure anatase, rutile and small brookite tetragonal phase and it further
confirmed by TEM. The average crystallite size was about 14–10 nm.

Fig. 12. Degradation Efficiency of (a) Pure TiO2 (b) 0.5 mM of Nd (c) 2mM of
Nd doped TiO2 Nanoparticles for Methylene Blue (MR).

Fig. 13. Absorption spectra of (a) Pure TiO2 (b) 0.5 mM of Nd (c) 2mM of Nd
doped TiO2 Nanoparticles for Congo Red (CR).
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Addition of Nd employed remarkable influence on phase transition of
TiO2 nanoparticles occurred at 600 °C. The optical properties of TiO2

and Nd doped TiO2 nanoparticles were confirmed by UV-Visible (UV-
Vis) and Photoluminescence (PL) spectroscopy. The increase in ab-
sorption peak at UV visible spectra with decrease in PL intensities of Nd
doped TiO2 nanoparticles in comparison with pure TiO2 nanoparticles.
The photocatalytic activity of as prepared TiO2 and Nd doped TiO2

nanoparticles were evaluated by photo degradation of methylene blue
(MB) and Congo Red (CR) under ultraviolet irradiation. Nd doped TiO2

enhanced the photocatalytic activity when compared with TiO2 nano-
particles. The antibacterial activities were studied for Escherichia coli
(E.Coli) and Staphylococcus aureas (S.aureas). Nd doped TiO2

nanoparticles showed good antibacterial activity when compared with
TiO2 nanoparticles. From the photocatalytic and antibacterial activity
results, TiO2 and Nd doped TiO2 can be used as a photocatalytic active
material in wastewater treatment and also used an antibacterial agents.
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CR.
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