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ABSTRACT

Interstitial nitrogen titanium dioxide (N-TiO,) has been synthesized from solid-state microwave irra-
diation of commercial TiO, (P25) and urea, which is in contrast to other solid-state methods that give
substitutional N-TiO,. N-TiO, was characterized by powder X-ray diffraction (XRD), N,-adsorption
surface area measurement, Fourier transformed infra-red (FTIR), X-ray photoelectron spectroscopy
(XPS) and UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS). FTIR, XPS and UV-Vis DRS indicate
that interstitial doping of N has occurred in the TiO, lattice. Ti-O-N detected by FTIR at 1,449 cm™
contributed to the N-O bond. There is no C=O bond in N-TiO, showing that urea was completely
decomposed in modified TiO,. This N-O bond is also proved by XPS on deconvolution peaks detected
at 404.8 and 531.5 eV in N 1s and O 1s, respectively. UV-Vis DRS analysis revealed the formation of N
2p state ca. 0.12 eV above valence band in N-TiO, and it is almost similar to characteristic of substitu-
tional N-TiO,. Thus, the combination of substitutional and interstitial called interstitial N 2p is sug-
gested in our prepared N-TiO, sample. The photocatalytic activities of N-TiO, and pristine TiO, were
compared for the photodegradation of the dye reactive red 4 (RR4) under visible light irradiation from
an LED source. Complete bleaching occurred within 60 min using N-TiO, whereas no photocatalytic

degradation was observed using pristine TiO,.
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1. Introduction

There have been numerous attempts to extend the pho-
tocatalytic activity of TiO, into the visible light region of the
solar spectrum for the photodegradation of organic pollutants.
These include the modification of TiO, via nitrogen doping
discovered by Sato [1] who reported a visible light active pho-
tocatalyst prepared by reaction between NO_and TiO, using
tetrafluoroammoniumoxyhydride (NF,OH) as the NO_source.
Asahi et al. [2] also showed N-doping of TiO, prepared by
sputtering TiO, in an N,/Ar gas mixture resulting in a material
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showing photocatalytic activity under visible light irradiation
in contrast to pristine TiO,. Furthermore, N doping of TiO, was
proposed to occur substitutionally introducing N 2p states that
mix with the predominantly O 2p valence band (VB) effectively
narrowing the bandgap. In contrast, Valentin et al. [3] per-
formed density functional theory (DFT) calculations describ-
ing substitutional doping of rutile and anatase phases showing
that N-doping leads to localized N 2p states within the band-
gap. For anatase, these states are ca. 0.14 eV above the VB thus
decreasing the threshold for optical absorption, whereas for
rutile N-doping results in localized states but also a narrow-
ing of the O 2p VB with the net effect of increasing the optical
threshold [3]. While an interstitial N-TiO, formed by forming
1t character generated by N-O bond where an electronic state
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lied at 0.73 eV above of the VB [3]. In a related report, substi-
tutional and interstitial N-doping were considered for anatase
showing that interstitial N-doping also leads to localized states
which are higher in energy than substitutional doping due to
O-N m-antibonding interactions giving a lower threshold for
optical absorption [4]. Experimentally, X-ray photoelectron
spectroscopy (XPS) can potentially differentiate between inter-
stitial and substitutional N-TiO, based on binding energy of
deconvolution peaks in N 1s spectra, where below 399 eV is
attributed to N-substitution with O-Ti-N bonding while inter-
stitial N-TiO, can be interpreted as Ti-O-N or Ti-N-O bond-
ing which can be observed above 399 eV [5].

N-doping is dependent on the synthetic methods and
post-synthetic treatments, including from Ti and N molec-
ular precursors and modification of solid TiO, single crys-
tals or powders. Preparation of interstitial N-TiO, generally
involves a wet process of urea such as hydrothermal, solvo-
thermal or sol-gel reactions [6-10]. For example, Peng et al.
[9] prepared a yellow powder of N-TiO, from P25 and urea
in ethylene glycol solvothermally producing interstitial N
shows the binding energies of N 1s at 399.9 eV while the N—
TiO, annealed under NH, producing substitutional N shows
the binding energies of N 1s at 396.5 eV. The interstitial N
shows higher photodegradation under visible light com-
pared with substitutional N. The use of a co-hydrothermal
method from TiO,-P25 and urea in 10 M sodium hydroxide
(NaOH) by Hu et al. [10] showed the binding energy of N at
399.9 eV producing interstitial diffusion of nitrogen. Both of
these studies producing hyponitrite (N,O,)* in their nitrogen
doped as can see in their binding energy of O 1s at 531.5 and
531.1 eV, respectively. The formation of hyponitrite was due
to the N interstitially doping into the TiO, lattice [9,10].

In comparison, substitutional N-TiO, is usually prepared
by urea under solid-state methods where TiO, powder is
physically mixed with a nitrogen precursor. Rengifo et al.
[11] found that heating TiO, and urea at 400°C gave substi-
tutional N-TiO, used to photodegrade Escherichia coli under
visible light irradiation while Kang et al. [12] also reported
substitutional N-TiO, prepared by physical process reduced
of its bandgap energy. Previously, we also showed substi-
tutional N-doping from reaction between TiO, and urea in
a semi-closed reactor system at 350°C, in which showed
good photodegradation of reactive red 4 (RR4), methyl blue
and phenol under visible light irradiation [13]. Most of this
N-doped preparation was prepared under furnace as their
heating media.

With respect to microwave synthesis of N-TiO,, a sol-
gel prepared from titanium ethoxide and urea was reported
by Wu et al. [14] giving almost exclusively substitutional
N-doping. Kadam et al. [15] reported that N-TiO, nanostruc-
tures synthesized by simple microwave-assisted method,
between titanium tetraisopropoxide and ammonium hydrox-
ide gave substituted N-doping.

Hence, from the best of our knowledge there is no study
focused on the modification of N-TiO, using physical prepa-
ration under microwave condition which may result either
substitutional or interstitial. This preparation will allow
the development of more environmental friendly process
to produce N-TiO, by utilizing urea as N source and more
cost-effective process by using commercially available
photocatalyst.

Cibacron Brilliant Red dye or typically known as Reactive
Red 4 dye is one of the anionic dyes, which is negatively
charged, where it is attracted towards positive surface. This
dye can be categorized as monoazo dye with one azo (N=N)
bond in its structure. Some researchers have documented
that some azo dyes are toxic and even mutagenic to living
things especially for aquatic life [16]. This is because azo
dyes contain toxic aromatic amines. This dye was applied in
industry such as printing and dyeing cellulose fibres such as
cotton and rayon. Based on the previous study, RR4 is not
commonly been used as a model of pollution in research
of photocatalysis. Basically, Reactive Red 120 (RR120) and
Reactive Red 198 (RR198) are the dyes that are widely used
in research whether focusing in photocatalytic degradation,
intermediate and adsorption study [17,18].

In this paper, an N-TiO, was prepared from reaction
between TiO,-P25 and urea using microwave solid-state
synthesis. In contrast to other solid-state reactions that favor
predominately substitutional N-TiO,, we observe evidence
suggestive of predominantly interstitial N-doping of TiO,
and surface modification. N-doping leads to visible light
photocatalytic activity for the photodegradation of RR4 dye.

2. Experimental
2.1. Materials

TiO, Degussa P25 powder was used as the starting
material in the preparation of N-TiO,. Urea from Fluka,
Switzerland (chemical formula: NH,CONH, molecular
weight: 60.06 g mol™) was used as the N precursor. RR4
dye or commonly known as Cibacron Brilliant Red (colour
index number: 18105, chemical formula: C,,H,,CIN.Na O, S,
molecular weight: 995.23 g mol™, A max: 517 nm). Ultra-pure
water was used to prepare all solutions in this work. LED
lamp was used as a visible light source to activate the photo-
calatytic activity of TiO,. A domestic microwave oven model
Samsung ME711K, which is the source of microwave, was
used as a medium for heating as well as to initiate the process
of N interstitial formation in TiO,. The pressure used for the
entire process is under atmospheric pressure.

2.2. Modified N-TiO, using physical preparation

Interstitial N-TiO, was synthesized by mechanically mix-
ing TiO, (7 g, 87.5 mmol) with urea (3 g, 50 mmol) for 5 min
using a ball mill to give a white powder. This ratio was selected
based on the optimum N-TiO, which is a continuation from
our previous published paper [19]. The mixed powder was
placed into a conical flask in the semi-closed reactor and irra-
diated by using microwave (2,450 MHz) at 800 W for 30 min.
The sample was cooled down to the room temperature
and the yellow light powder was denoted as N-TiO,. The
phase transformation of the modified N-TiO, was investi-
gated using X-ray diffraction (XRD) analysis (Rigaku, Japan,
Miniflex II Desktop X-Ray Diffractometer) with a diffraction
angle range 20 = 10°-80° using Cu Ka radiation (A =1.5418 A)
was used to collect XRD diffractograms. The accelerating
voltage and emission current were 40 kV and 30 mA, respec-
tively. N,-adsorption surface area measurement was used to
investigate the surface area of photocatalyst. The bandgap
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energy of photocatalyst was determined by using Lambda
35 UV-Vis spectrophotometer, from PerkinElmer, USA,
equipped with diffuse reflectance attachment at the
wavelength of 280-800 nm. Fourier transformed infra-red
(FTIR) spectroscopy analysis was conducted to investigate
the functional groups in the photocatalyst recorded in the
4,000 to 600 cm™ region. XPS analysis was applied to deter-
mine the binding energies of N in TiO, and recorded using
Omicron NanoTechnology (ELS5000) system using Al Ka
radiation at a base pressure below 5.5 x 10~ torr.

2.3. Photocatalytic activity and adsorption studies

The photocatalytic performances of the N-TiO, and pris-
tine TiO, samples were investigated in the degradation of RR4
dye under visible light irradiation. The photodegradation
activity was carried out by adding 0.03 g of photocatalyst
sample into 25 mL of 30 mg L™ RR4 dye to form suspen-
sions. This suspension was then poured into a glass cell with
dimension 50 mm x 10 mm x 80 mm (L x B x H) and irradi-
ated with 20 W LED lamp with 237 W m™ light intensity of
visible light source. An aquarium pump model NS 7200 was
used as an aeration source for oxygen supply. During each
photocatalytic experiment, the decolourization degree of
RR4 was determined at specific time interval until complete
decolourization was achieved. The absorbance was measured
by using HACH DR 1900 spectrophotometer at 517 nm. The
experimental setup for adsorption study followed the same
procedure as photocatalytic activity study except the sample
was applied in the dark condition.

3. Result and discussion
3.1. Characterization study of photocatalyst

XRD patterns for N-TiO,, pristine TiO,and TiN samples
were presented in Fig. 1. TiN standard sample was used as
control sample for the determination of N substitution TiO,.
All peaks in XRD for N-TiO, and pristine TiO, were detected
as anatase and rutile phases with diffraction of anatase sig-
nals detected at 25.28°, 37.91°, 41.37°, 48.12°, 53.96°, 55.25°,
62.97°, 70.55°, 75.28° and 82.95° 20 while peaks at 27.38°,
36.02°, 41.18° 20 in XRD spectrum were represented as rutile
signal in N-TiO, and pristine TiO,. No phase transforma-
tion was observed in N-TiO, since the process was prepared
under low temperature. Phase transformation in the pres-
ence of non-metal doped TiO, was observed by Zhang et al.
[20] to be occurred only when the heating temperature is at
800°C while Wang et al. [21] reported that phase transfor-
mation for TiO, heated without N occurred at temperature
600°C onwards.

The peaks presentin TiN standard sample were detected at
35.9° and 43.23°. According to Xie et al. [22], peak represented
as N substitution incorporated with TiO, can be detected at
20 = 43.23°. The similar behaviour was reported by An et al.
[23] observed at 20 = 43° implying the N substitution with
TiO, formed by N, gas during calcination. Irrespective of the
concentration of the substituted nitrogen, there were no indi-
cations of the existence of TiN observed in N-TiO, XRD spec-
tra in Fig. 1. This might be due to the effect of dopant species
and it is probably transferring into the position of interstitial

in crystallite structure of TiO, which is also reported by oth-
ers [9-11]. Masaaki et al. [24] interpreted that the substitution
of nitrogen can be observed in XRD spectrum when the ana-
tase peaks disappeared producing unknown peaks at certain
condition. The XRD spectrum of N-TiO, shows that anatase
phase remained same as pristine TiO, spectrum. The crystal-
line structure of N-TiO, and pristine TiO, also showed sim-
ilarity since the pattern for those peaks is almost identical.
Hence, it can be assumed that N-TiO, synthesis under phys-
ical preparation using microwave irradiation does not affect
the crystalline structure of TiO,.

N,-adsorption surface area measurement was carried out
to investigate the specific surface area of the samples. Surface
area values of pristine and N-TiO, are listed in Table 1. It
was observed that surface area of N-TiO, sample shows
14% decreasing in comparison with pristine TiO,. This phe-
nomenon is due to the sintering effect produced from rapid
heating of microwave irradiation that reduces the pore size
of N-TiO, and eventually reducing the surface area of the
sample. This solid-state sintering allowed the N particle to
diffuse and bond together with TiO,. Based on solid-state
sintering effect theory shown in Fig. 2, particle bonding of N
and TiO, was started at contact point, which then grows into
necks and reducing pores between the particles of TiO, [25].

Fourier transforms infrared (FTIR) spectrums of
pristine and N-TiO, were studied to determine presence

Pristine TiO,

Intensity (a.u)

TiN

2 Theta-Scale

Fig. 1. XRD patterns of N-TiO,, pristine TiO, and TiN.

Table 1
Surface area and bandgap energy of unmodified and modified
TiO,

Samples Sppr(m?g™) E (eV)
TiO, 49.0 3.02
N-TiO, 44.0 2.9
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of N bonding by detecting some N groups in N-TiO,. FTIR
spectra of pristine TiO,, urea and N-TiO,samples are shown
in Fig. 3. The characteristic stretching vibration of Ti-O-Ti
lattice was found in the signal below 1,000 cm™ of pris-
tine TiO, and N-TiO,. The pristine TiO, signal at 3,359 and
1,638 cm™ attributed to the primary O-H stretching of the
hydroxyl functional group and bending vibration H-OH
group, respectively [26]. The peak at 1,642 cm™ observed in
N-TiO, was attributed to the bending vibrations of O-H and
N-H, and peak at 3,342 cm™ was from stretching vibration of
O-H and N-H. Same peaks were observed by Hu et at. [27]
who claimed that bending vibration peaks of N-H in amine
can be observed at 3,150-3,600 cm™ and 1,600-1,650 cm™.
The small peak appeared at 1,449 cm™ was detected as -N—
0, [28]. No C=0 bond was detected in N-TiO, representing
the element in urea. Thus, FTIR spectrum proved that urea
is completely decomposed under microwave producing
N-O and N-H bond incorporated with pristine TiO, to form
N-TiO,. According to Peng et al. [9], interstitial N-TiO, can
be interpreted as N-O asymmetric and N-H bonds from TiO,
surface suggested as hyponitrite or interstitial formation.

Gran
boundary

Pore size
reduced

Point /

bonding

Fig. 2. Solid-state sintering effect of N-TiO,.

Pristine TiO, \
1638
- 3359 Vias
.8
2 11 Urea T
g 3429 3328 1675 §
E 159
= Urea + unmodified TiO,
xX 3341 (Before microwave treatment) 1668
’_\_/—N_Tifoz'/_\({f
3342 1642 1449 \
T T T T T T T T T
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Fig. 3. FTIR spectra of N-TiO,, urea + unmodified TiO,, urea and
pristine TiO,.

These N-H and N-O bonds exist in N-TiO, sample at 1,642
and 3,342, and 1,449 cm™, respectively, as well described by
Hu et al. [27] and Peng et al. [9]. This explained that the pre-
pared N-TiO, sample in this study is a result of the forma-
tion of interstitial bonding since N-O and N-H bonds were
detected.

XPS analysis was conducted to further confirm the for-
mation of N species whether it is substitutional or interstitial
type with O lattice in N-TiO,. Figs. 4(a)—(c) display the XPS
spectra of N 1s, Ti 2p, O 1s for the N-TiO, sample, respec-
tively. Fig. 3(a) clearly shows the N 1s spectra with decon-
volution peaks detected at 400.3 and 404.8 eV representing
interstitial N in the form of N-O bond. However, a few
reports on N 1s peak above 400 eV assigned as chemisorbed
nitrogen, NH, adsorbed on the surface TiO, and trapped N,
gas [29,30]. But, many researchers have agreed and pointed
out that the binding energy at 399 eV and above is assigned
as interstitial N-O species [10,31-34]. Peak at 404.8 eV of N
1s represented as surface adsorbed nitrogen species which
is the nitrogen species bound to various surface oxygen site
such as NO, NO, or NO, [35]. Sathish et al. [36] discovered
that although the deconvolution N 1s at the peak 400 eV is
not proven experimentally but hypothesized that the binding
energy of N 1s is higher when the nitrogen atom in a chemical
linkage shows more positive formal charge. Consequently, N
1s binding energy at the peak 400.3 eV for N-TiO, sample
in this study can be attributed to the formation of interstitial
N and directly bounded to lattice oxygen. No characteristic
of Ti-N peak at 396-397.5 eV was observed which signifies
the non-appearances of the substitutional N phase in N-TiO,
sample as well previously reported in XRD where no sub-
stitutional N bond was detected since there is no formation
of the TiN phase on N-TiO,. Thus, the XPS result becomes
favourable predominantly toward the formation of intersti-
tial and probably consists minor signal of substitutional N
which can be disregarded since the explanation on the forma-
tion of interstitial and substitutional is still under disputation.

The XPS spectra of O 1s core level consisting of a major
peak at 531.4 eV detected as the formation of hyponitrite
(N,O,)? which was caused by the N interstitially doping into
the lattice TiO, [8,10] is shown in Fig. 4(b). The deconvolution
peaks were detected at 530.6 and 532.2 eV and those peaks
are assigned as Ti-O bonding of TiO, [9,11,37] while Ti 2p
spectra for N-TiO, shows the deconvolution peaks detected
as Ti 2p* and Ti 2p'? core level at 457.96 and 463.71 eV,
respectively in Fig. 4(c). Since TiO, bonding is not only with
neighbouring Ti atom by Ti—O-Ti linkage but also with the
substrate N by Ti—-O-N linkages. Therefore, suggesting that
Ti 2p peak at 457.96 and 463.71 eV can be assigned to the
Ti*O, on the N surface. However, Ti 2p spectra at peak
457.96 eV also can be detected as Ti** defect [38] and it will
contribute to the formation of oxygen vacancies in doping
nitrogen species [39] where oxygen vacancies can impede
toward the recombination of carrier charge and encourage
to electron transfer.

Fig. 5(a) shows the UV-Vis diffuse reflectance spectros-
copy (UV-Vis DRS) spectra for pristine and N-TiO, samples.
From Fig. 5(a), it can be observed that the absorption edge
of unmodified TiO, is around 400 nm while for N-TiO,
it is around 430 nm. The wavelength range for UV light is
from 200 to 400 nm while wavelength for visible light is
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Fig. 4. XPS spectra of N-TiO, sample for (a) N 1s, (b) O 1s and
(c) Ti2p.

from 401 to 700 nm [5]. N-TiO, sample shows the shift of
its absorption towards the visible light region in comparison
with pristine TiO, absorption edge within the UV region.
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Fig. 5. UV-Vis DRS graph of pristine TiO, and N-TiO, (a), and (b)
Tauc’s plot of pristine TiO,and N-TiO,.

This observation shows that N atom in urea was significantly
reacted with TiO, particles producing oxygen vacancy and
defect thus, narrowing bandgap energy of photocatalyst.
According to Tauc and Menth [40], the absorption coefficient
can be described as a function of incident photon energy
stated in Eq. (1).

(ahv)?=A (hv-E,) 1)

where « is the absorption coefficient (cm™), A is a constant,
hv (eV) is the energy of excitation and E, the bandgap energy.
The bandgap energy can be measured by plotting (ahv)?vs.
hv called Tauc’s plot and extrapolation slope on the photon
energy axis gives the value of the direct bandgap energy of
semiconductors.

Fig. 5(b) shows Tauc’s plot of (ahv)?vs. hv for pristine
TiO, and N-TiO,. Based on extrapolation slope in Fig. 5(b),
bandgap energy for pristine TiO, was measured and it is
around 3.02 eV while the bandgap for N-TiO, is around
2.9 eV. It is clearly shown that bandgap energy value for
N-TiO, is low when compared with pristine TiO, and obvi-
ously shows that N atom in urea was significantly reacted
with TiO, particles producing defect structure as previously
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explained. This observation is in line with other researchers
where Peng et al. [41] reported narrowed bandgap energy
of photocatalyst was due to the introducing of the impu-
rity level between the valence and conduction band (CB) of
TiO,. Nawawi and Nawi [42] also reported that the narrow-
ing bandgap is associated with the doping of N in modified
photocatalyst.

3.2. Mechanism for interstitial N 2p N-TiO,

In this study, Ti bonded with O to form TiO,, which is a
type of metal oxide. The combination of these two creates VB
and CB with bandgap between them. The larger the band-
gap, the less conductive and photoactivity the material will
be. Therefore, a decrease in bandgap is preferable in increas-
ing conductivity and photoactivity. In this study, N enters the
TiO, matrix by means of interstitial forming Ti-O-N. As can
be observed in the UV-Vis DRS spectra, bandgap energy for
prepared N-TiO, is 0.12 eV which is lower compared with
pristine TiO,. It means that an N 2p state is formed at 0.12 eV
above VB in prepared N-TiO,. According to Valentin et al.
[4], substitutional N 2p localized is slightly above VB with
0.14 eV which is almost similar to our prepared N-TiO,.
However, XPS reading on our prepared sample indicates the
sign of interstitial N formation in N-TiO, detected at 400.2
and 404.8 eV in deconvolution peaks of N 1s while FTIR also
revealed the interstitial N formation at 1,538 cm™. From pre-
vious studies, XPS peaks above 400 eV indicates interstitial
N which p* molecular orbitals that formed from N-O spe-
cies lied about 0.73 eV above the VB [4,9] where it was not
observed in our sample. Since N and O atoms are closely sim-
ilar to each other based on chemical properties forming either
interstitial Ti~-O-N or substitutional N-Ti—O. Thus, the com-
bination of substitutional and interstitial called interstitial N
2p is suggested in our prepared N-TiO, sample. The similar
effect and formation of interstitial N 2p for N-TiO, were also
reported by Kim et al. [43] and Lin et al. [31] in their prepa-
ration using wet chemical method using aqueous ammonia.
The schematic diagram of electronic band for substitution,
interstitial and interstitial N 2p was depicted in Fig. 6.

3.3. Adsorption and photocatalytic studies

In this study, anionic RR4 dye was used to determine
the adsorption capacity in N-TiO,. Based on Fig. 7, it shows
both of pristine and N-TiO, are managed to adsorb almost
50% of 30 mg L™ RR4 dye with adsorption of N-TiO, shows

Substitutional Interstitial Interstitial N 2p
N-TiO, N-TiO, N-Ti0,
CB (GL CB
e & e e e -
‘lk l [Oy_] __}____ U
______ f_N;;_Q___,_“ 29eV
N2p h"  o73ev N_EE____J. ________
K 0ld4ev 1 hf 0126V
VB VB VB

Fig. 6. Electronic band for substitution, interstitial and intersti-
tial N2p.

higher than pristine TiO,. Higher adsorption rate normally
related to high specific surface area which attracted more
dye substrates to its surface [42,44]. The degradation of
organic pollutants by TiO, photocatalyst occurs primarily
on or near the surface of the catalyst and thus adsorption
is a critical factor in the efficiency of the process. Larger
specific surface area means more adsorption sites. Sample
with larger specific surface area can pre-adsorb more dye
molecules on the surface of sample. However, the surface
area results show different where pristine TiO, with high
surface area shows a slightly lower of its adsorption by 10%
compared with N-TiO, (Table 1). This is due to the coulom-
bic attraction by the positive charge of pristine TiO, and
N-TiO, proven by measuring these photocatalysts by using
zeta potential at ambient condition (pH 5.5). The zeta poten-
tial value of unmodified TiO, was measured about 0.79 mV
while the zeta potential for N-TiO, was 15.57 mV and this
explained adsorption of RR4 under N-TiO, was higher than
pristine TiO,.

Fig. 8 shows the photocatalytic degradation of RR4 dye of
pristine and N-TiO, irradiated under LED lamp as visible light

100

o
z
3 75
[=4
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G
=}
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.g 50 -
.8
s .
g —- N-TiO,
=4
X 25 .
°© & TiO,
0 T T T T T
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Fig. 7. The adsorption study of pristine and N-TiO, under
30 mg L' RR4 dye.

% Remaining of RR4 dye
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Fig. 8. Photocatalytic degradation of pristine TiO, and N-TiO,
under visible light irradiation.
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source. The intensity for LED lamp was measured by solar
radiometer model PMA 2100 with visible light intensity was
237 W m™ with no UV radiation detected. It was observed that
N-TiO, takes only 60 min to complete the decolourization of
RR4 while no photocatalytic degradation under pristine TiO,
was observed. However, RR4 dye decolourized about 40% for
30 min and no decolourization was detected after prolonging
the irradiation under pristine TiO,. The RR4 decolourization
under pristine TiO, was due to the adsorption of TiO, parti-
cle since the same trend observed on pristine TiO, under both
adsorption and photocatalytic studies as can be seen in Figs. 7
and 8, respectively. N-TiO, contributed positive result when
it was active under visible light irradiation. Hence, the dis-
tinction of photocatalytic activity between pristine TiO, and
N-TiO, samples is not persuaded by the specific surface area.
In the process of photo-oxidation, pristine TiO, photocatalyst
is not sufficient to excite electron of the visible light energy
from VB to CB as the intrinsic bandgap of pristine TiO,. Based
on the result of XRD, FTIR, XPS and UV-Vis DRS analyses,
N atoms were incorporated into the crystalline TiO, pro-
ducing the formation of Ti-O-N structure which suggested
the interstitial N 2p. Interstitial N 2p in N-TiO, encouraged
the localized occupied states forming a mid-bandgap that
enhanced photocatalysis under visible light irradiation [31].
Fig. 9 shows the proposed schematic diagram of interstitial
N 2p N-TiO, in photodegradation of RR4 dye under visible
light. VB electrons (e") are excited from N 2p level to the CB.
e"in the CB will trap rapidly by molecular of oxygen adsorbed
on the particle. The formation of oxygen vacancy (O,)) which
was below the CB was formed from the N-doping species.
This formation was an indirect correlation with interstitial N
2p, as the concentration of interstitial N 2p increases, O, will
also increases [45]. Hence, the electrons are excited from N 2p
level bond to the O, level then recombine with hole (h*). The
photogenerated holes will react with hydroxide ion, OH-, or
water to oxidize them into hydroxyl radicals (¢ OH) [46]. The
photogenerated electron in CB reacted with O and reduced
the trapped O to form superoxide radical anion (O,e"). The
protonation of O,¢~ producing perhydroxyl radical (¢OOH).
The protonation yield ®OOH radical which trapping electron
and combine to produce H,0,. The surface O, induced by
microwave treatment was trapped the electron and promoted
to form more superoxide anion radical (O,*") which then
interact with adsorbed H,O to produce more ¢OH radicals.
The ¢OH radicals react with RR4 and mineralize into CO, and
H,O. Thus, it is proven that the formation of interstitial N 2p
in TiO, reduced the bandgap energy of N-TiO, and producing
O, promoted to form more superoxide anion radical which
makes N-TiO, active under low energy of visible light.

3.4. Mechanism of Ti—-O-N formation

Based on the characterization of N-TiO,, possible mech-
anism of Ti-O-N is proposed. The urea was decomposed
under microwave treatment producing NH, and CO,. Hence,
the NH, can absorb the surface of TiO, and the nitridation
process occurs [47]. As illustrated in Fig. 10, The Ti-O-N
linkage can be formed by chemical binding of N atom from
NH, with O atom in the TiO, where N-O and N-H bonds
were confirmed by XPS and FTIR analysis. The Ti-O-N
bond can be formed by N incorporation into pristine TiO,

visible light
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Fig. 9. Schematic diagram for the photodegradation of RR4 dye
over interstitial N 2p N-TiO,.

| H i)
. e
éI'-Q+ (‘N\ o o
A
H H
H
H \N Ti,
| AN \O/H H
H. Ti. M, _Ti H "™ Ti H
\o/ \c/ \O/ e P e W

O, O, O, O,
Ve Pl
H/ \‘I'i \N/ \'Ti H

|
Pl
H Ti

Fig. 10. Proposed mechanism of Ti-O-N in N-TiO,.

by binding the O atoms with N atoms during the interaction
between HO-Ti-O-NH, species. From this proposed mech-
anism, the incorporation of nitrogen into pristine TiO, can
result as interstitial form.

4. Conclusion

A simple technique using physical preparation was suc-
cessfully carried out for the preparation of visible light active
interstitial N 2p N-TiO, by mixing urea and TiO, powder
under microwave irradiation, which were used to decolourize
RR4 dye under visible light. The interstitial N 2p was inves-
tigated based on the FTIR, XPS and XRD analyses. The FTIR
result indicated that hyponitrite which assigned from N-H
urea adsorbed is the characteristic of interstitial at 1,642 cm™
and N-O bonding detected at 1,449 cm™. The XPS analysis
identified that N is chemically bonded with titania crystal
producing Ti-O-N linkage at the peaks 400.2 and 404.8 eV.
XRD analysis shows that there is no TiN peak at 20 = 43°
and no significant changes in N-TiO, compared with pristine
TiO,. N,-adsorption surface area measurement shows N-TiO,
produced low surface area compared with pristine TiO, due
to solid-state sintering effect. Bandgap energy of N-TiO,
was reduced to 2.9 eV as recorded by UV-Vis DRS spectrum.
In addition, the presence of N makes N-TiO, active under
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visible light irradiation. The preparation method of N-TiO,
synthesized using physical method under microwave irradi-
ation will promising a simple, cost-effective, low energy con-
sumption and ecological toward becoming a great potential
in application and development photocatalysis industry.
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