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ABSTRACT
Although several studies concerning the preparation of nitrogen doped titanium dioxide visible-light
active photocatalyst have already been reported, the effects of dopant concentration and calcination
temperature have been rarely investigated. This paper focuses on the preparation of nitrogen doped
titanium dioxide (N-doped TiO2) under different calcination temperature and nitrogen dopant
concentration synthesizes by sol-gel method. The physicochemical characteristics of the prepared
samples were examined using X-ray photoelectron spectroscopy (XPS), X-ray diffractometer (XRD),
Brunauer Emmett Teller (BET) analyzer, and UV-Vis spectrometer. Methylene blue was used in this study
as a test chemical. The results demonstrated that the sample prepared under calcination temperature of
600 oC show 8.33 and 5.57 % of rutile TiO2 phase depends on the dopant concentration. Furthermore, the
sample prepared at a lower calcination temperature of 400 oC and nitrogen to titanium (N/Ti) molar ratio
of 2 and 6 exhibited larger specific surface area of 80.18 and 77.07 m2g-1, respectively. The photoactivity
of the catalyst was also investigated on methylene blue decolorization using the different N-doped TiO2
sample. The experiments demonstrated that the sample prepared at higher N/Ti molar ratio (6) and
lower calcination temperature (400 oC) demonstrates about 80 % efficiency under visible light. It was
concluded that the higher photoactivity of the N-doped sample prepared at higher dopant concentration
and lower calcination temperature is due to synergistic effects of higher surface area, smaller crystal size
and higher nitrogen content in the crystal lattice of TiO2.
Keywords: Calcination Temperature, Dopant Concentration, Nitrogen-doped Titania, Sol-gel, Visiblelight Active.
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INTRODUCTION
Recently,
heterogeneous
photocatalysis
emerged as alternative technologies for
environmental protection and cleaning. In this
regard, semiconductor oxides such as titanium
dioxide become the most popular choice
because of its functionality and application [1].
Various applications of TiO2 photocatalyst had
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been investigated that include degradation of
organic pollutants [2], inactivation of pathogenic
microorganisms from water and air [3], and
degradation of dyes [4,5]. The basic mechanism
of TiO2 photocatalysis involves three major steps:
(i) light absorption and generation of electronhole pairs; (ii) separation of charge carriers; and
(iii) oxidation and reduction reactions at the
surface of semiconductor [6]. These leads to the
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Fig. 1. Schematic diagram of slurry photoreactor.

formation of
radical diagram
and superoxide
physical properties were investigated using
Fig.hydroxyl
1: Schematic
of slurry photoreactor.
radical anions which are the primary oxidizing
X-ray photoelectron spectroscopy (XPS), X- ray
species in the photocatalytic oxidation processes
diffractometer (XRD), Brunauer-Emmett-Teller
[7]. Non-toxicity, inexpensiveness, photochemical
(BET) specific surface area, UV-vis spectroscopy
stability, and strong redox power in presence of
(UV-vis).
oxygen and water are the unique characteristics of
TiO2 [8]. One of the major drawbacks of pure TiO2
EXPERIMENTAL
in practical application is its only activated by UV
Catalyst Preparation
light which only accounts about 5 % of the solar
The preparation of nitrogen-doped titanium
radiation reaching the surface of the earth [9,10].
dioxide (N-doped TiO2) was carried out by a solChemical
modification
with
doing,
gel technique using ammonia solution (28 %) as a
incorporation of foreign atoms in the titanium
nitrogen source. The synthesis of N-doped TiO2 was
dioxide (TiO2) crystal structure is one of the wellmade using 20 mL of Titanium (IV) isopropoxide
known strategies in order to synthesize visible-light
(TTIP) (98 %) as titanium precursor and 100 mL
active TiO2 photocatalyst. Several researchers have
of ethanol (99.9 %) which were vigorously mixed
pointed out non-metal doping is one of the best
together for 10 min in an ice bath. The solution
option to facilitate visible-light absorption as well
was adjusted to pH =1 with nitric acid (60 %).
as to improve recombination [11]. Among nonSubsequently, different amounts of an aqueous
metals, nitrogen doping has been the most effective
solution of ammonia were adjusted to give N/Ti
way for shifting the absorption edge of TiO2 toward
molar ratios of 2, and 6 were and stirred vigorously
visible-light region through band gap reducing and
for 2 h. The obtained sol was aged for 24 h at room
improve the photoelectrochemical properties of
temperature to allow further hydrolysis and then
the TiO2 [12].
dried in an oven dryer at 90 oC for 16 h. Finally,
The development of visible-light-active TiO2
the resulting powder was ground and calcined at
nanoparticles using sol-gel method is highly
400 and 600 oC for 4 h in a muffle furnace. The
dependent on several synthesis parameters.
heating rate used was 5 oC min-1. The N-doped TiO2
However, dopant concentration and calcination
samples were designated as
temperature have synergistic effects on the
xNTyz, where x, y, and z, respectively, denote the
characteristics of the N-doped TiO2. In the
N/Ti molar ratio, the calcination temperature, and
present work, we have synthesized N-doped
time.
TiO2 photocatalysts using sol-gel methods
and investigated the photoactivity at selected
Catalyst Characterization
calcination temperature and dopant concentration.
The atomic compositions of the doped and
Furthermore, the effects of calcination temperature
undoped TiO2 samples were determined with
and dopant concentration on chemical and
X-ray photoelectron spectroscopy (XPS) (Thermo
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Fig. 2. Selected XPS spectra of N-doped TiO2 sample (2NT64).
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Scientific ESCALAB 250Xi). The binding energy
of hydrocarbon (C 1s: 284.8 eV) was used as an
internal standard for the correction of charging
shift. The crystal structure of the N-doped sample
was evaluated by X-ray diffractometer (XRD) using
D8 advance with Cu-Kα radiation (λ=0.15406),
accelerating voltage and current (40 kV, 25 mA) at
scan rate 0.017o per second in the range of 2θ = 20o
to 85o. The average crystallite sizes of anatase and
rutile phases were determined with the Scherrer
equation. The weight fractions of the two phases
were calculated using Spurr and Myers equation.
Specific surface area of each sample was analyzed
by Brunauer Emmett Teller (BET) method using
Micromeritics, Tristar II 3020. UV/Vis/NIR
Spectrophotometer (Hitachi, U-4100) was used to
scan UV-vis spectra of the N-doped TiO2 sample.
Photodecolorization of Methylene Blue
The photoactivity of N-doped TiO2 nanoparticles
was investigated using methylene blue (MB) as
a model chemical in batch photoreactor under
visible-light irradiation (Fig. 1). 250 ml jacketed
glass reactor was used as photoreactor for all
experiments in which visible-light was provided
by Osram lamp (50 PARA30) with a wavelength of
400 –700 nm. During this process, 1.0 g L-1 of the
prepared powder was suspended in 100 ml of 10
ppm methylene blue solution (pH 7). The solution
was continuously stirred with a magnetic stirrer
Ti 2p
457.83 during
150 rpm to ensure homogenous mixing
3 h Tiirradiation
period. Prior to proceeding to
2p
457.83
photoactivity test, the solution was stirred
further
for additional 30 minutes in dark environment to
create adsorption-desorption equilibrium. After
which, 10 ml of aliquots were taken from the
reactor and filtered using 45um syringe filter, the
463.52
MB concentration
of the supernatant was then
analyzed with a portable spectrometer (DR 2700,
463.52
Hach) at 664 nm
wavelength absorbance.
The MB decolorization efficiency (R) was
calculated using the following equation:

Intensity (a.u.)
Intensity (a.u.)

396.12

396.12

Intensity
Intensity
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Where
Co 464
and Cf 462
are the 460concentrations
of
466
458
456
-1
Binding
Energy (eV)and after visiblemethylene blue (mgL
) before
light irradiation. For control run, the methylene
blue solution was exposed to visible light without
the addition of catalyst for the same operational
condition.
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Table 1: Crystal size and phase composition for different N-doped TiO2 sample
Table 1. Crystal size and phase composition for different N-doped TiO2
sample.
Sample
2NT44
2NT64
6NT44
6NT64

Crystal phase composition (%)
Anatase
Rutile
100
91.67
8.33
100
94.43
5.57

RESULTS AND DISCUSSION
XPS Analysis
Selected XPS spectra N-doped sample prepared
at N/Ti molar ratio of 2 and calcination temperature
of 400 oC is shown in Fig. 1. For comparison, the
atomic concentration of nitrogen atom and binding
energies for N-doped TiO2 samples are presented
in Table 3. In all the samples two main peaks were
detected, the first peaks at binding energies of
around 400 eV and the second peaks are found at
about 396 to 397. The exact positions of N atoms are
still unclear and under debates. Many previously
done studies assigned the position at the various
locations from 395-404 eV binding energy based
on their preparation routes and nitrogen source.
However, in some of the well-known articles, the
binding energy of N at 396 eV was surely assigned
for atomic β-N [13–15]. This binding energy can
be further extended to around 397 eV [16,17]. At
this site, a substitutional replacement of oxygen
by nitrogen takes place within TiO2 crystal lattice
in the form of Ti-N-Ti entity and may act, for
visible-light, as the active site [18]. On the other
hand, for interstitial N-doped TiO2 such as Ti-N-O
and/or Ti-O-N oxynitride, there is no common
agreement. Generally, the peak approximate to 400
eV is assigned for interstitial N-doping [14,19].
Furthermore, the amount of nitrogen content
was found significantly dependent on calcination
temperature. In comparison, the sample prepared
at higher calcination temperature shows the lower
percentage of atomic concentration. This is due to a
higher calcination temperature result in removal of
nitrogen from the TiO2.

Crystal size (nm)
Anatase
Rutile
10.05
22.78
55.08
10.28
23.84
58.26

phase was appeared at the samples calcined at 400
o
C. On the other hand, rutile phase of the TiO2
appears at the different percentage for the sample
synthesize at a calcination temperature of 600 oC.
At the same calcination temperature of 600 oC, the
percentage of rutile decreased from 8.33 % to 5.57
% when the N/Ti molar ratio increase from 2 to 6
(Table 1). This revealed that the anatase to rutile
phase transformation or degree of crystallinity can
be retarded at higher dopant concentration [20].
It has been reported that the addition of nitrogen
dopant can improve the thermal stability of the
TiO2 catalyst [21]. Furthermore, the average crystal
size significantly decreases when the temperature
increases from 400 oC to 600 oC for both selected
dopant concentration (N/Ti molar ratio of 2 and 6).
This is due to the crystal can be aggregated and form
a bigger crystal at higher calcination temperature
[20]. It has been also indicated the crystallite size
slightly increases as the N/Ti molar ratio increases
from 2 to 6. It is known that the photocatalytic
activity of the TiO2 catalyst is highly dependent on
crystal size and crystallinity [22,23].

Nitrogen Adsorption-desorption
To examine the effects of nitrogen dopant
concentrations on the pore structure of samples,
a set of nitrogen adsorption-desorption tests was
carried out and their isotherms were presented
in Fig. 4. According to IUPAC physisorption
isotherms classification, the N-doped TiO2 samples
prepared at 400 oC showed a classification of type
IV adsorption isotherms with narrow H2 hysteresis
loop at around medium relative pressure. On the
other hand, for calcination temperatures of 600
o pore diameter for different N-doped TiO2 sample
Table 2: BET surface area, total pore volume and average
C, the adsorption isotherm shifted to type V and
XRD Analysis
H3 hysteresis
loop at higher relative pressure.
Fig. 3 shows the XRD patterns 2of-1 N-doped
Sample
BET surface area (m g )
Total pore volume (m3g-1)
Average pore diameter (nm)
The
two
hysteresis
loops
at lower and higher
TiO2 samples
namely
6NT64,
6NT44,
2NT64
and
2NT44
80.18
0.23
11.69
relative
pressure
are
raised
2NT44 prepared
at
N/Ti
molar
ratio
of
6
and
2
2NT64
30.81
0.13
16.87 from smaller and
6NT44 temperature
77.07
0.23
11.60
larger mesopore characteristics,
respectively. A
and a calcination
of 400 oC and 600
6NT64
27.97
0.10
o
plausible explanation can13.56
be at higher calcination
C. The XRD
patterns of anatase
and rutile phases
temperature there is an expansion of mesopores
are in good agreements with a reference (JCPDS)
and consequently the formation of bigger pores
Card No 21-1272 and 21-1276 of TiO2, respectively.
[24]. Furthermore, Specific surface area, pore
As shown from the Fig. the typical anatase crystal
J. Water Environ. Nanotechnol., 2(3): 136-144, Summer 2017
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Table 1: Crystal size and phase composition for different N-doped TiO2 sample
Sample
2NT44
2NT64
6NT44
6NT64

Crystal phase composition (%)
Anatase
Rutile
100
91.67
8.33
100
94.43
5.57

Crystal size (nm)
Anatase
Rutile
10.05
22.78
55.08
10.28
23.84
58.26

Fig. 3. XRD patterns for different N-doped TiO2 sample.

Fig. 3: XRD patterns for different N-doped TiO2 sample

Fig. 4. Adsorption-desorption isotherm for different N-doped TiO2 sample.

Table 2: BET surface area, total pore volume and average pore diameter for different N-doped TiO2 sample
Table 2. BET surface area, total pore volume and average pore diameter for different N-doped TiO2 sample.

Fig. 4: Adsorption-desorption isotherm
for different N-doped
TiO2 sample
2 -1
3 -1
Sample
2NT44
2NT64
6NT44
6NT64
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BET surface area (m g )
80.18
30.81
77.07
27.97

Total pore volume (m g )
0.23
0.13
0.23
0.10

Average pore diameter (nm)
11.69
16.87
11.60
13.56
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Fig. 5. Pore size distribution for different N-doped TiO2 sample.

volume, and pore size were evaluated according
Investigation of Photoactivity
to BET and BJH methods and the data shown in
To investigate the photoactivity of the N-doped
Fig.
Pore
size1. distribution
for different
2 sample
Fig. 55:and
Table
The specific surface
areas andN-doped
TiO2 TiO
sample,
MB photo decolorization tests were
corresponding total pore volume were indicated a
carried out and the data presented in Fig. 7. As
decreasing trend (for both N/Ti molar ratio of 2
demonstrated in the Fig., the sample prepared
and 6) with an increase in calcination temperature
at lower calcination temperature (400 oC) and
from 400 oC to 600 oC. Decreased specific surface
higher N/Ti molar ratio (6) exhibited improved
area is due to catalyst aggregation at the higher
photocatalytic activities. As a matter of facts, the
temperature [25].
highest photoactivity shown by the conditions can
be due to the synergistic effects of higher surface
Optical Analysis
area, lower crystal size and higher nitrogen content
The UV–vis spectra for the N-doped TiO2
[20,27–30]. Whereas, the two samples prepared at
sample prepared at different condition were
higher calcination temperature (600 oC) for N/Ti
presented in Fig. 6. The absorption edges of each
molar ratio of 2 and 6 shows the list activity.
sample were shifted to the visible-light spectra
Nosaka et al [31], have studied the photocatalytic
reign corresponding to the dopant concentration.
performance nitrogen doped TiO2 prepared from
The optical absorption intensity in the wavelength
commercially available TiO2 powders and an
found to be 420, 430, 480 and 495 nm for the
organic compound such as urea and guanidine
sample namely 6NT44, 4NT44, 6NT64, and 4NT64,
as a nitrogen source. According to their findings,
respectively. Many researchers pointed out that
the prepared N-doped TiO2 powders exhibited
the preparation of N-doped TiO2 shows spectra
photocatalytic
activity for the decomposition of
shift toward the visible-light region [26]. Asahi et
2-propanol
in
aqueous
solution under visible- light
al. claim that its visible-light photoactivity can be
irradiation.
Furthermore,
they have observed that
related to narrowed band gap by mixing of nitrogen
the
visible
photocatalytic
activity was decreased
2p and oxygen 2p state in the valence band caused
with the higher calcination temperature (550 oC).
by substitutional doping [13]. In contrast, Burda and
Qin et al. [32]. have also investigated the effects of
his coworker have stated that the extra electronic
dopant concentration on hotocatalytic properties
states just above the valence band edge were the
of N-doped TiO2. The photocatalytic activities
main reasons behind this phenomenon [19].
J. Water Environ. Nanotechnol., 2(3): 136-144, Summer 2017
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Fig. 6. UV–Vis spectra for different N-doped TiO2 sample.
Table 3: Percentage atomic concentration and binding energies of nitrogen for different N-doped TiO2 sample
Table 3. Percentage atomic concentration and binding energies of
nitrogen for different N-doped TiO2 sample.

Fig. 6: UV–Vis spectra
different
N-doped
TiO
2 sample
Samplefor N
1s (% at. Conc)
Binding
Energies
(eV)
2NT44
2NT64
6NT44
6NT64

1.03
0.45
2.08
0.53

were estimated in the system of methyl orange
aqueous solution (MO) under UV and visible
light, respectively. The photodegradation of 2mercaptobenzothiazole aqueous solution (MBT)
under visible-light was also included in their study.
They have pointed out N/Ti proportion of 4mol %
exhibited the highest visible-light activity.
CONCLUSION
A visible-light active N-doped TiO2 catalysts
have been synthesized by sol-gel methods at
different calcination temperature and dopant
concentration. All N-doped TiO2 samples show a
mesoporous structure and the sample prepared at
lower calcination and higher dopant concentration
results higher specific surface area. The anatase
to rutile phase transformation was also retarded
at higher nitrogen dopant concentration.
Furthermore, the amount of nitrogen doped in
TiO2 crystal was found significantly dependent
142

399.87
399.44
400.01
400.54

396.04
396.12
397.07
396.63

on calcination temperature. The 6NT44 sample
showed higher photocatalytic activity (about 80
%) in decolorization of methylene blue in aqueous
solution under visible-light irradiation.
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Fig. 7. Photodecolorization of methylene blue under visible light irradiation.

Fig.
7: Photodecolorization of methylene blue under
visible light irradiation
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