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ABSTRACT

Ultrasound-assisted synthesis of nanosized N-doped TiO2 was carried out by using titanium
isopropoxide as titanium precursor and hydroxylamine hydrochloride as an inorganic tem-
plate. The synthesized nano-plaits have been characterized using X-ray diffraction, scanning
electron microscopy, energy dispersive X-ray spectroscopy, transmission electron micro-
scopy, Brunauer–Emmett–Teller surface area, Fourier transform infrared spectrometer,
ultraviolet–visible absorption (UV–vis), and Raman spectroscopy. The influence of reaction
parameters (solvent, reaction time, and calcination temperature) on particle size and surface
morphology has also been investigated. The morphological studies confirm the successful
synthesis of anatase TiO2 nano-plaits having a particle size of 10 nm and shows absorption
(576 nm) in a visible region. The effect of calcination on crystalline size of the TiO2 was
investigated by varying the calcination temperature. The photocatalytic activity of the syn-
thesized catalyst was investigated for the degradation of 2-Chlorophenol under various
wavelengths of visible light (490, 565, and 660 nm). N-doped TiO2 nano-plaits exhibited
promising photocatalytic activity and 79.8% of 2-Chlorophenol is degraded in the visible
region of wavelength 660 nm at pH 8.

Keywords: Ultrasound; Photocatalysis; N-doped Titania; Spectroscopic techniques;
Degradation; 2-Chlorophenol

1. Introduction

Heterogeneous photocatalysis using semiconductors
has emerged as a potent destructive technology for
phasing out the organic pollutants from environmental
matrix [1,2]. Semiconductors such as CdS, SnO2, WO3,
TiO2, ZrTiO4, and ZnO are considered as photocatalysts
because of their ability to absorb light [3]. Titanium
dioxide (TiO2) is extensively applied to air and water
purification, water disinfection, and antibacterial protec-

tion [4]. TiO2 is a preferred photocatalyst because of its
biological and chemical inertness, nontoxicity, and
strong oxidizing power [5,6]. Still, the commercial and
industrial applications of the process have been foiled
because of the inability of TiO2 to exploit the vast poten-
tial of solar radiations.

The wide band gap of TiO2 (3.2 eV) [7], which
corresponds to wavelengths shorter than 387 nm,
results in its excitation by UV light photons
(< 380 nm) and can capture only less than 10% of the
solar radiation. Hence, the impetus of the research lies
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in the development of visible light-responsive TiO2

materials for degradation of environmental pollutants.
This can be achieved by (i) semiconductor coupling,
(ii) surface modification, (iii) band gap modification
by creating oxygen vacancies, and (iv) metals and
non-metals doping [8–10]. Doping is the addition of
controlled amounts of specific impurity atoms for the
purpose of narrowing the band gap. Attempts have
been taken for doping of p-block elements (C, N, F, P,
or S) to replace O in the anatase phase of TiO2.
Among these, N-doping has been considered as an
efficient mode for the production of visible light-
responsive photocatalyst. The absorption of visible
light may result in a narrowing of the band gap of the
N-doped TiO2 formed by substitution of O atoms by a
nitrogen atom in Titania lattice or oxygen vacancies
created by N doping or mixing of N (2p) states with
O (2p) states [11,12].

Different techniques used to dope nitrogen into
TiO2 lattice include a hydrothermal method [13],
hydrolysis of organic and inorganic titanium com-
pounds in ammonia water, followed by heating the
resultant precipitates or their mixtures with urea [14],
the mechanochemical reaction of titanium with urea
[15], spray pyrolysis [16], and oxidation of titanium
nitride [17]. Xing et al. [18] successfully synthesized
and characterized nitrogen-doped TiO2 photocatalyst
with higher visible light activity for the degradation of
2,4-dichlorophenol. Sun et al. [19] investigated the
degradation efficiency of nitrogen-doped TiO2 catalyst
under visible light and sunlight using Orange G as a
pollutant. Sin et al. [20] reported the effect of UV
irradiation in the presence of nanophotocatalyst (TiO2,
ZnO) for the degradation of two selected endocrine-
disputing chemicals like phenols and resorcinol. The
mechanism for the degradation of resorcinol by TiO2

and ZnO nanophotocatalyst has been proposed by
Lam et al. [21].

The catalytic behavior depends upon the size and
characteristics of nanomaterials and shows the varia-
tion in optical and electronic properties with size.
Ultrasound-assisted nanomaterials synthesis is emerg-
ing as an important tool for synthesis of metal oxide
nanoparticles with controlled morphology. The physi-
cal and chemical effect generated by acoustic cavita-
tions during ultrasonication significantly influences
the size and properties of nanoparticles [22]. The
literature survey reveals that synthesis of N-doped
TiO2 using sonochemical method has not been
reported except its use as pre-treatment in situ pyroly-
sis for preparation of mesoporous TiO2−xNx [23].

Chlorophenols are known organic pollutants found
in wastewater released from industries, such as
petroleum refining, steel, dyestuff, synthetic resins,

byproducts of agricultural chemicals, paper and pulp
mills, tanning, and fiberboard product, into the envi-
ronment. It is also an essential chemical feedstock in
the manufacturing of higher chlorophenols, which are
used as fungicides, bactericides, antiseptics, disinfec-
tants, and wood and glue preservatives. Therefore,
2-Chlorophenol was selected as model compound for
studying the photocatalytic activity of synthesized
N-doped TiO2 catalyst.

N-doped TiO2 photocatalyst was synthesized using
an inorganic template under ultrasonic irradiation at
40 kHz. The effect of calcination temperature and reac-
tion conditions, i.e. solvent and time of ultrasonication
on structural morphology of catalyst was investigated.
The photocatalytic activity of the N-doped TiO2 has
been measured for the photocatalytic degradation of
2-Chlorophenol using different regions of the solar
spectrum.

2. Experimental

2.1. Chemicals

Titanium isopropoxide (98%) was purchased from
Sigma-Aldrich. Hydroxylamine hydrochloride used as
a nitrogen precursor was acquired from Himedia.
Solvents like methanol, ethanol, isopropyl alcohol, and
butanol used were of analytical grade. 2-Chlorophenol
was purchased from SD Fine-Chem. Limited.

2.2. Synthesis of N-doped TiO2 photocatalyst

Titanium isopropoxide (8.52 g) was dissolved in
20 ml ethanol and ethanolic solution of hydroxy-
lamine hydrochloride (2.085 g) was added dropwise
with constant stirring. The resultant solution was fur-
ther stirred for half an hour followed by the addition
of NH4OH solution. Thereafter, the resultant mixture
was put under ultrasonic bath and was exposed to
sound waves of 40 kHz for 40 min, then the solution
was kept overnight. The precipitates formed were
filtered by vacuum filtration, crystallized with
methanol, and dried in oven at 100˚C for 2 h. The
synthesized nitrogen-doped TiO2 precipitates were
yellowish in colour and calcinated at different
temperatures (350, 450, 550, and 750˚C). The effect of
solvent on the morphological properties of the
synthesized photocatalyst was studied by carrying
the reaction in different solvents viz. methanol,
isopropyl alcohol, and butanol and the products were
calcinated at 450˚C. The reaction conditions were
further optimized by varying the ultrasonication time
(10–60 min).
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2.3. Characterization of N-doped TiO2 nanoparticles

The phase and structure identification of the
as-synthesized nitrogen-doped TiO2 was performed by
X-ray diffraction (XRD) technique. X-ray diffractome-
ter (XPERT-PRO) employing Cu K_radiation
(= 0.15406 nm) with a scanning rate of 5˚/min in the
2θ angle ranged from 20 to 80˚ was used. The IR spec-
tra were recorded on an FTIR spectrometer (Spectrum
One, PerkinElmer). The UV–vis absorption spectra of
the samples were recorded using UV–vis spectropho-
tometer (UV-1800, Shimadzu). The morphology and
size of TiO2 nano-plaits were measured by MOR-
GAGNI-268E transmission electron microscopy (TEM)
and JSM-6,610-JEOL/EO scanning electron microscopy
(SEM) at an accelerating voltage of 15 kV. Raman
spectra were recorded with (Make-JY -HORIBA)
Model-iHR Spectrograph. The specific surface area
was determined by N2 adsorption method using
smartsorb 91/92 instrument after preheating 100 mg
samples at 150˚C for 1 h. The samples were regener-
ated at 175˚C for 90 min.

2.4. Experimental setup and procedure for photocatalytic
degradation

Photocatalytic degradation was carried out in spe-
cially designed double-walled reaction vessels (volume
250 ml) in the photocatalytic chamber equipped with
LED bulbs of different wavelengths (490, 565, and
660 nm). Constant stirring of the solution was
provided using magnetic stirrers and the aeration was
done using aerators. The photocatalytic activity of
as-synthesized N-doped TiO2 has been investigated by
irradiation of 50 ml suspension of 2-Chlorophenol
(25 ppm) and N-doped TiO2 (50 mg) under visible
light. At different time intervals, an aliquot was taken
out with the help of syringe and then filtered through
Millipore syringe filter of 0.22 μm. The rate of
degradation of 2-Chlorophenol was studied spec-
trophotometrically by studying the changes in absorp-
tion spectra recorded for the samples at 273 nm. The
degradation efficiency (%) has been calculated as
follows:

Efficiency ð%Þ ¼ ðC0 � CÞ=C0 � 100 (1)

3. Result and discussion

Ultrasound-assisted synthesis of photocatalyst
N-doped TiO2 was carried out using titanium
isopropoxide and hydroxylamine hydrochloride.

The resultant amorphous product was calcinated
at different temperatures (350, 450, 550, and 750˚C).
Further, the effect of varying the reaction conditions
such as reaction time and solvent has also been stud-
ied. The synthesized calcinated products were charac-
terized by employing different techniques.

3.1. XRD analysis of NT-450

The XRD analysis of synthesized TiO2 and
N-doped TiO2 calcinated at 450˚C (NT-450) was car-
ried out to investigate the crystal structure. The typical
XRD patterns of the synthesized undoped TiO2 and
NT-450 shows strong diffraction peaks at 25.4, 37.05,
38.6, 48.15, 53.92, and 75.28˚ (Fig. 1). The observed pat-
terns were matched with JCPDS card number 01-073-
1764, which reflects the formation of anatase phase as
the main crystal phase.

3.1.1. Effect of calcination temperature on the
crystalline phase

The synthesized catalyst N-doped TiO2 was calci-
nated at various temperatures; 350, 450, 550, 650, and
750˚C in order to study the effect of calcination tem-
perature on the crystalline phase shown in Fig. 2. The
XRD pattern for the samples calcinated at 350, 450,
550, and 650˚C shows only anatase phase. However, at
750˚C, it was observed that the phase transformation
occurs and peaks in both the anatase and rutile
phases. The sample shows peaks at 25.4, 37.05, 38.6,
48.15, 53.92 and 27.49˚, 36.1, 39.22, 41.26, 44.07, 53.87,
56.70, 62.63, 69.08, 72.61, and 76.61˚, respectively, for
anatase and rutile at 750˚C.

The percentage of the respective peaks correspond-
ing to different phase has been calculated by applying
equation [24].

Fraction of rutile phase ¼ 1=1þ 0:79 IA=IRð Þ (2)

where IA is the intensity of the anatase phase and IR is
that of the rutile phase. At 750˚C, 59% of the anatase
phase and 41% of the rutile phase appears. It can be
seen that the N-doped TiO2 samples show peak
broadening as compared to the undoped TiO2 and is
in agreement with the earlier reported results [25].
The average crystallite size of the synthesized
N-doped TiO2 has been calculated by applying
Scherrer equation [26].

D ¼ Kk=b cos h (3)
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where λ is the wavelength of the X-ray employed, β is
the full width at half maximum in the radiation of the
peak, θ the Bragg’s angle of the XRD peak, and K the
Scherrer shape factor, K = 0. 9. The average crystallite
size of the samples is found to be 23.1, 25.71, 28.5,
30.6, 33.06, and 46.2 nm, respectively, for undoped
TiO2 and N-doped TiO2 (calcinated at 350, 450, 550,
650, and 750˚C). The lattice parameters for synthesized
NT are calculated by applying d-spacing formulae.

1
�
d2hkl ¼ h2k2l2�

a2b2c2 (4)

where d is the interplanar distance, hkl are the Miller
indices and a, b, and c are the side lengths of the
tetragonal crystal system. The results confirmed that
the pattern had tetragonal crystal structure and
anatase phase (Table 1).
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Fig. 1. XRD Pattern of NT-450.
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Fig. 2. XRD patterns of N-doped TiO2 calcinated at different calcination temperatures: (a) 350˚C, (b) 450˚C, (c) 550˚C,
(d) 650˚C, and (e) 750˚C.

Table 1
The crystal phase, interplanar distance, and d-spacing value of N-doped TiO2 calcinated at different temperatures

S. No. Calcination treatment (˚C)

Lattice parameters

d-spacing (A˚) Crystalline phasea b

1. Pure TiO2 3.776 9.486 3.54 Anatase
2. 350 3.765 9.454 3.50670 Anatase
3. 450 3.765 9.454 3.50725 Anatase
4. 550 3.765 9.454 3.50661 Anatase
5. 650 3.765 9.454 3.50661 Anatase
6. 750 3.765 9.454 3.50730 Rutile + Anatase
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3.2. Morphological studies and elemental composition of
NT-450

3.2.1. SEM and EDX

The surface morphology and elemental composition
of the NT-450 nanoparticle have been investigated by
SEM and EDX micrographs, respectively, shown in
Figs. 3(b) and 4. Morphological studies of as-synthe-
sized NT-450 nanoparticles show the formation of clus-
ters of fibrous structures entangled to give a flowery
appearance. The elemental composition of the NT-450
as determined by chemical microanalysis technique
EDX confirms the nitrogen doping into the TiO2 lattice,
i.e. 7.49 at.% nitrogen incorporated into TiO2 lattice.

3.2.1.1. Effect of calcination temperature on surface mor-
phology. The effect of calcination temperature (i.e. at
350, 450, 550, and 750˚C) on the surface morphology
of synthesized photocatalyst has been investigated.
SEM image (Fig. 3) shows the growth in particle size
with an increase in calcination temperature and at the
750˚C, change in appearance was observed. The
change may be due to occurrence of phase transforma-
tion at 750˚C as confirmed by XRD pattern.

3.2.1.2. Effect of solvent on surface morphology. The differ-
ent solvents such as methanol, ethanol, isopropyl alco-
hol, and butanol employed for the synthesis of
N–TiO2 and their effect on surface morphology was

Fig. 3. SEM image showing effect of variation of calcination temperature: (a) 350˚C, (b) 450˚C, (c) 550˚C, and (d) 750˚C.
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examined (Fig. 5). The study shows that solvents have a
noticeable effect on the size and morphology of
nanoparticles formed and larger particle size was
observed for higher molecular weight solvents. The
particle size increase in the order: methanol<ethanol<iso-
propyl alcohol<n-butanol. Such a trend may be
attributed to the fact that ultrasonication is related to cav-
itations. Cavitations cause the solute thermolysis along
with the formation of highly reactive radical and
reagents. Both high solvent viscosity and high surface
tension inhibit cavitations because of the higher natural
cohesive forces acting within the liquid. A change in the
surface morphology was found with isopropyl alcohol
and butanol, and the catalysts with rocky appearance are
formed [24].

3.2.1.3. Effect of ultrasonication time. The effect of ultra-
sonication time on percentage yield was studied by
irradiation of the sample with sound waves of 40 kHz
for different time intervals, i.e. at 10, 20, 40, and
60 min, respectively. The maximum yield of the NT-
450 was obtained for sample irradiated for 40 min.
The EDX spectrum shows that as the sound wave
irradiation time increases, the incorporation of nitro-
gen also increases. This results in 1.41, 2.44, 7.49, and
9.33 at.% of the nitrogen being incorporated, respec-
tively (Fig. 6). Thus, optimum conditions for the syn-
thesis of the NT were found to be an ultrasonication
time of 40 min in the presence of ethanol and calci-
nated at 450˚C.

3.2.2. Transmission electron microscopy

A deep insight into the nanostructure of NT-450
photocatalyst has been obtained from TEM observa-

tion. The TEM image shown in Fig. 7 confirms the
formation of nanorange (10–100 nm) photocatalyst and
the observed pattern shows the formation of entangled
plaits having the particle size of approximately 10 nm.
The surface area analysis confirms that the surface
area of NT-450 was 85 m2/g.

3.3. Spectroscopic studies of NT-450

3.3.1. FT-IR spectrum

Fourier transform infrared spectrometer (FT-IR)
spectrum of NT-450 sample is shown in Fig. 8. A
strong band at 2,500–3,700 cm−1 and narrow band at
1,628 cm−1 was assigned to the hydroxyl group
stretching and bending vibrations. The IR peaks
observed in 1,384, 1,163, and 1,019 cm−1 confirmed the
substitution of nitrogen atoms into TiO2 network and
is in agreement with earlier reported results. IR spec-
tral peaks corresponding to the N–H modes imply the
successful doping of nitrogen atoms. Low-frequency
bands observed at 400–900 cm−1 corresponds to vibra-
tion mode of anatase skeletal O–Ti–O bond with a
maximum of 465 cm−1 [6,27].

3.3.2. Raman spectra

The Raman spectrum shows the main peak at
143 cm−1 and smaller peaks at 397, 519, and 638 cm−1

(Fig. 9), which supports that the anatase is a predomi-
nant phase structure [26].

3.3.3. UV–vis absorption spectra

Fig. 10 depicts the UV–vis spectra and band gap
study of the NT-450. The absorption spectrum of NT-
450 shows absorption at 576 nm, which ensures a sig-
nificant shift towards the visible region due to the
introduction of a small amount of nitrogen. The band
gap energy of the NT-450 sample was calculated using
equation [23].

E eVð Þ ¼ hc=k ¼ 1; 239:95=k (5)

where E is the band gap energy (eV), h is Planck’s
constant, c is the velocity of light (m/s), and λ is the
wavelength in nm.

Table 2 compiles the band gaps reported by
researchers for the N-doped TiO2 synthesized using
different techniques [23,26,28,29]. The as-synthesized
NT-450 shows absorption at 576 nm, with a band gap
of 2.15 eV. The narrowing of the band gap has been

Fig. 4. EDX spectra of NT-450.
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described on the basis of mixing of the N2P and the
O2P states [23] because the nitrogen ions substitute for
the oxygen in the TiO2 lattice. In general, the absorp-
tion edge of TiO2 around 400 nm was ascribed to the
band transition from O 2p to Ti 3d. When the small
amount of nitrogen replaces oxygen, the hybridization
is held between O 2p and N 2p. The energy of the
hybridized 2p is higher than that of the pure O 2p
orbital [29].

3.4. Photocatalytic activity of synthesized NT-450

2-Chlorophenol shows an absorption peak at
273 nm in UV region. The degradation percentage was

recorded with respect to the change in intensity of
absorption peak at 273 nm.

The photocatalytic activity of synthesized N-doped
TiO2 nanophotocatalyst calcinated at different tem-
peratures viz. 350, 450, 550, and 750˚C was studied
using 2-Chlorophenol. The Fig. 11 shows 43.5, 79.8,
60.2, and 39.7% degradation using NT-350, NT-450,
NT-550, and NT-750. The maximum photocatalytic
activity was shown by NT-450, thus it was selected for
degradation of 2-Chlorophenol.

The response of NT-450 towards the degradation
efficiency of 2-Chlorophenol was investigated in vari-
ous wavelength regions of the solar spectrum (490,
565, and 660 nm). Fig. 12 shows that the percentage

Fig. 5. Effect of solvent on surface morphology of NT-450: (a) Methanol, (b) Ethanol, (c) Isopropyl alcohol, and (d) Butanol.

N. Sharotri and D. Sud / Desalination and Water Treatment 57 (2016) 8776–8788 8783



Fig. 6. EDX micrograph of NT-450 ultrasonicated for different time intervals (10, 20, 40, and 60 min).

Fig. 7. TEM image of NT-450.
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degradation at different wavelengths 660, 565, and
490 nm was 79.8, 57.7, and 70%, respectively. The
maximum degradation efficiency (% degradation) was
observed at 660 nm. Therefore, a red region (660 nm)
having a light intensity of about 100 μmol m−2s−1 was
chosen for further investigations.

Photocatalytic degradation of 2-Chlorophenol has
been studied under four different conditions: (i) Red

light (660 nm), (ii) undoped TiO2 under dark, (iii)
doped NT-450 under dark, and (iv) doped NT-450
under red light. Fig. 13 confirms that 79.8% of the 2-
Chlorophenol was degraded in the presence of NT-450
under exposure to the red region of light.
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Time-dependent UV–vis spectra (Fig. 14) shows
the photocatalytic degradation of 2-Chlorophenol with
NT-450 at 660 nm. The absorption peak diminished
gradually and 79.8% of the 2-Chlorophenol has been
degraded within 150 min. Nitrogen-doped TiO2

nanophotocatalyst (NT-450) shows absorption in the
visible region with maximum efficiency in red region.
Nitrogen doping decreases the band gap and helps in
transferring of electron from N2p to conduction band
of TiO2. The mechanism of the process was summa-
rized below.

First step is the generation of electron/hole pair by
absorption of solar light. The photogenerated
electron/hole pair migrates to the surface of catalyst
and forms active species, such as hydroxyl radical and
superoxide ion [30]. These active species may partici-
pate in the photodecomposition of 2-Chlorophenol.

N-TiO2 þ hv �! e�ðCBÞTiO2 þ hþ
ðVBÞTiO2 (6)

O2 þ e�ðCBÞ �! O��
2 (7)

O��
2 þH2O �! �OHþOH� (8)

hþ
ðVBÞ þOH� �! �OH (9)

�OHþ C6H5ClO �! Intermediate �!
CO2 þH2O

(10)

The pH of the solution plays a key role in the
photocatalytic degradation of organic pollutants.
Experiments were performed at various pH values

Table 2
Comparative studies of band gap in literature

S.
No.

λmax

(nm)
Band gap
(eV) References

1 440 2.81 [24]
2 447 2.72 [26]
3 451 2.70 [26]
4 470 2.64 [28]
5 483 2.56 [28]
6 600 2.07 [29]
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from 2 to 10. Maximum degradation was obtained at
pH 8 for the constant pollutant (2-Chlorophenol) con-
centration (25 mg/L) and catalyst loading (50 mg).
Higher percentage degradation was observed at pH 8
(79.8%) followed by 68.1, 64.6, 53.3, and 50.7% at pHs
6, 10, 4, and 2, respectively, shown in Table 3.

The comparison of degradation efficiency of N-
doped TiO2 and Degussa P25 reflects promising
results in visible light of wavelength 660 nm. N-doped
TiO2 shows promising degradation efficiency (79.8%),
whereas 35.6% of 2-Chlorophenol was degraded with
Degussa P25 (Fig. 15). The degradation process is initi-
ated by the photoexcitation of the catalyst. Thus, the
doping of TiO2 with nitrogen results in higher absorp-
tion, which results in better performance of the cata-
lyst. N-doped TiO2 photocatalyst shows maximum %
degradation efficiency of 79.8% at 660 nm at pH 8.

4. Conclusion

The study reports the greener synthesis of anatase
N-doped TiO2 nanoparticles using ultrasound irradia-
tion. SEM and TEM results showed the formation of
entangled nano-plaits, having the particle size of
approximately 10 nm. The nano-plaits corresponding
to anatase phase of TiO2 and the absorption spectra of
the N-doped TiO2 exhibited new absorption peak in
the visible light region. The investigation on the
photocatalytic activity of the N-doped TiO2 nano-
plaits shows promising results. Ultrasound-assisted
synthesis of nanophotocatalyst can be employed as a
greener technique for the synthesis of nanomaterials
with diverse structural morphology having improved
optical and electronic properties.
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