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In this work, Nitrogen modified TiO2 nanoparƟcles were successfully synthesized
via fast acid catalyzed sol-gel route with ammonia soluƟon as a primary
nitrogen precursor. The effect of amount of nitrogen was invesƟgated by
further incorporaƟng secondary nitrogen in prepared sample with urea precursor
by adopƟng wet impregnaƟon approach. Pure TiO2 nanoparƟcles were also
synthesized for comparison. Prepared photo-catalysts were characterized by
Fourier-Transform Infrared spectroscopy, X-Ray diffracƟon and diffuse reflectance
spectroscopic analysis. XRD results confirmed the formaƟon of anatase crystalline
phase for all prepared samples. Laboratory test experiments on Rhodamine B
(RhB) decomposiƟon under arƟficial visible light (20W White LED) revealed the
highest photocatalyƟc acƟvity of catalyst doubly doped with ammonia soluƟon and
urea whereas pure TiO2 showed poor acƟvity under visible light illuminaƟon. The
effect of operaƟonal parameters such as catalyst dose, soluƟon pH and substrate
concentraƟon on photocatalyƟc efficiency was also evaluated to obtain opƟmal
condiƟons. Photocatalysis of RhB under natural sunlight with doubly-doped photo-
catalyst (T5N2) showed remarkable photocatalyƟc performance of 99.9% aŌer 1
hour illuminaƟon.

Keywords: Solar Photocatalysis, Urea, TiO2 Nanopowders, Nitrogen Doping, Sol-gel
Synthesis

INTRODUCTION

S ynthetic Dyes are organic com-
pounds extensively used in textile
industry to impart vibrant colors to

the commodities, however, during wet
coloring stage, a significant amount of
these dyes does not bind to fabric and
thus released to the environment as waste
posing serious environmental concern.1
Drainage of such dye contaminated efflu-
ent without treatment into freshwater
bodies, adversely affects not only the
aquatic ecosystem but can also pose seri-

ous health problems to humans2.
Owing to their stability to light as

well as bacterial decay, most of the
dyes stays in the environment for a long
period of time not only retarding nat-
ural water purification process but hin-
ders sunlight penetration as well which
in turn reduces photosynthetic activity
under water putting a serious threat on
survival of aquatic life.3 Further, their
exposure to humans and other living
beings is a major health concern as these
dyes are known to be potential carcino-
genic and mutagenic substances4 .
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In view of the toxicity of these com-
pounds, various physical separation
and chemical mineralization methods
have been researched to cater the prob-
lem in a best possible way.5,6

Semiconductor-based heteroge-
neous photocatalytic mineralization
has gained importance since few
decades as a promising technology
powered by free and renewable solar
energy for water detox application7–9.
Titanium Dioxide (TiO2) is termed
as “golden” photocatalyst due to
its remarkable features of chemical,
biological and photo-stability, non-
toxicity and low cost10 . However,
the main hindrance in the way of pure
TiO2 application under natural sun-
light is its large bandgap of 3.2eV,
thus only ultraviolet rays have enough
energy to excite the semiconductor
material to undergo Redox reactions11
. As Solar spectrum consists of only
5-8% UV radiation while 40% of the
spectrum is based on visible light12
, efforts have been made to shift the
activation of TiO2 towards visible part
of spectrum by lowering its bandgap
through the addition of other elemental
dopants into the crystalline structure of
the material.13,14

Among metallic and non-metallic
dopants, non-metal atoms are proved
to be more feasible and effective in
enhancing visible light photoactivity by
narrowing the bandgap. Several stud-
ies have been made on insertion of
non- metallic atoms such as Nitrogen15
, Carbon16 , Sulphur17 , and Fluo-
rine18 whereas Nitrogen (N) is con-
sidered as low cost, promising and
efficient dopant in terms of reduc-
ing bandgap and enhancing photoac-
tivity19 . Yang and coworkers pre-
pared N-doped titania by employing
solvothermal route with reaction sys-
tem of ethylene-diamine at 120◦C
and showed that increasing amount of
dopant caused absorption edge to be red
shifted towards visible light region20 .
Peng and fellows reported hydrother-
mal synthesis of N-doped titania at
140◦C with triethanol-amine nitrogen

precursor for Methyl orange decompo-
sition to confirm the role of nitrogen
in shifting optical absorption towards
visible region21 . A.Sanchez-Martinez
reported a simple co-precipitation dop-
ing route for examining the effect of
nitric acid volume on catalyst opti-
cal properties for Rhodamine B decol-
orization22 . A surfactant assisted sol
gel route was employed by R.P Barkul
et al with different mol% of urea pre-
cursor for nitrogen doping and demon-
strated good efficiency of photocatalyst
with high mol% of urea for cationic dye
degradation23 .

The characteristic features and
photocatalytic performance of semi-
conductor is greatly affected by the
adopted synthesis method. Sol-Gel is a
relatively low cost technique offering
the use of mild processing conditions
of temperature and pressure yet pro-
viding benefits of controlling size of
particle, morphology and other desir-
able features in the final product24,25
.

The current study deals with the
synthesis of nitrogen modified TiO2
Nano-powders by adopting alcohol free
fast Sol-Gel process with ammonium
hydroxide as a primary nitrogen pre-
cursor. The adopted procedure follows
direct hydrolysis of Titanium precur-
sor at room temperature, facilitated
by acetic acid, allowing the comple-
tion of Sol-Gel reactions within short
time. Afterwards the amount of nitro-
gen impurity was enhanced by wet
impregnation using urea precursor. For
comparative study, pure TiO2 nanopar-
ticles were also synthesized. The activ-
ity of prepared nanoparticles was inves-
tigated by photocatalysis of model pol-
lutant Rhodamine B dye under artificial
20W white LED lamp and natural sun-
light for practical application.

EXPERIMENTAL SETUP

Materials
Titanium (IV) isopropoxide (TTIP,
97%, Sigma Aldrich), Urea crys-

tals (H2NCONH2, 99%, Merck),
Glacial Acetic Acid (CH3COOH,
99.99%, Merck), Ammonium Hydrox-
ide NH4OH (33% solution), Sodium
Hydroxide (NaOH), Hydrochloric
acid (HCl), Rhodamine B dye (BDH
Chemicals). All reagents were used as
received without any further purifica-
tion.

Photocatalyst PreparaƟon

A simple fast Sol Gel route as reported
in reference26 has been adopted with
some modifications. 40ml of TTIP
was added directly into distilled water
(16oC) and the suspension was imme-
diately stirred onmagnetic stirrer. After
30min, Glacial Acetic acid was added
such that the molar ratio of TTIP: Dis-
tilledH2O:Acetic Acidwasmaintained
as 1:172:12. The colloidal suspension
was left under continuous stirring for
3hr after which Ammonium Hydrox-
ide (33%) solution was added to raise
the pH of solution to 11. Precipitates
formed were washed 3 times by adding
distilled water and decanting after set-
tling of particles. Sludge produced was
then dried in air oven at 100◦C till dried
powders were obtained. Particles were
crushed in mortar and pestle and cal-
cined at 400◦C for 1h27,28 . The sample
was labeled as T5N1.

The effect of amount of nitrogen on
activity of photocatalyst was also ana-
lyzed by incorporating secondary nitro-
gen dopant (urea) into as-prepared cata-
lyst (T5N1) via wet impregnation route.
For this, 2g of T5N1 was added in 50ml
of distilled water to make homoge-
nous colloidal suspension to which urea
solution (keeping urea to TiO2 molar
ratio 1:1) was added and the mixture
was agitated for 1h at room tempera-
ture. The temperature was then raised to
68◦C and mixture was kept under stir-
ring for further 30 min after which the
solvent was evaporated by heating in
open beaker at 100◦C. Obtained paste
was dried and the powders were baked
at 350◦C for 1h. The sample was named
as T5N2.
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For comparative study, pure TiO2
nanoparticles were also synthesized
via similar sol gel methodology as
adopted for T5N1 sample except
sodium hydroxide was used instead
of ammonium hydroxide for precipita-
tion. Obtained powders were washed
several times with distilled water, oven
dried and calcined at 400oC for 1h.

CharacterizaƟon

Fabricated nanoparticle samples pure
and doped were subjected to FTIR
spectroscopic analysis in order to deter-
mine the presence of various func-
tional groups with Cary-630 spec-
trophotometer (Agilent technologies)
using ATR (Attenuated Total Reflec-
tion) mode and frequency range of 400-
4000 cm−1. For crystallite size esti-
mation and phase identification, X-Ray
diffraction (XRD) analysis has been
conducted with D2 Phaser X-ray pow-
der diffractometer (Bruker, Germany)
using Cu-Kα radiation (λ = 1.54184
Å) and scan rate of 0.020 deg/min.
The patterns were obtained for the
angle range of 10o-80o (2theta). Dif-
fuse reflectance spectroscopy (DRS)
was performed for determination of
band gap energies by Jasco-V770 UV-
Vis Spectrophotometer equipped with
integrating sphere and the spectra were
taken from 200-800 nm wavelength
range.

PhotocatalyƟc acƟvity tesƟng

Photocatalytic experiments were per-
formed in a batch slurry reactor (Pyrex
glass beaker) under artificial white
lamp comprising of 20Wportable LED.
Schematic of the assembly is shown
in Figure 1. In a typical procedure,
60mL of aqueous solution of RhB dye
(10mgL−1) was fed to photo-reactor
placed on magnetic stirring plate. Tem-
perature of the system was kept at 23
± 2◦C by placing the reactor in cold
water bath. Photocatalyst powders were
dispersed in dye solution and the sus-
pension was stirred under dark condi-
tions for 15 min to reach absorption-

desorption equilibrium.
Light was illuminated from top and

the distance of lamp was kept con-
stant at 5.5cm from above the photo-
reactor. 5ml of aliquots were with-
drawn from suspension after every
30min and centrifuged to separate solid
catalyst from solution. Decolorization
of dye was then monitored by measur-
ing absorbance of solution with Perkin
Elmer (Lambda 25) UV-Vis Spec-
trophotometer at λ max of 554nm. The
concentration of dye in solution was
evaluated from calibration curve. The
percentage decolorization was then cal-
culated by using the following equation
(1).

% Decolorization = 100× C0 −C
C0

(1)

Where, C0 is initial concentration of
dye in solution at time t=0 min and C
is the concentration after specific time
(t min) of reaction.

For experiments under natural sun-
light, photocatalytic assembly was
placed directly under the sun for the
degradation assessment of Rhodamine
B (10mg/L), with optimum load of
photocatalyst powders. Dye solution
pH was adjusted to 3 prior to testing.
Experiments were carried out at the of
Institute of Chemical Engineering and
Technology, University of the Pun-
jab Lahore, Pakistan from 27th June to
3rd July between 10:00 AM to 3:00 PM
with sunlight intensity of ~100 to 40
klux.

RESULTS AND DISCUSSION

FTIR Spectroscopy
FTIR spectra of as-prepared nanoparti-
cles is presented in Figure 2. A strong
absorption band between the range of
500-750 cm−1corresponds to the vibra-
tion mode of Ti-O bond29 . In pure
TiO2 the small bands at 1343 cm−1

and 1413 cm−1represents C-H bend-
ing vibration and asymmetric CH3
deformation respectively30,31 also, the
presence of band at 1562 cm−1 is

likely due to asymmetric stretch of
surface adsorbed carboxylate group32
. Further, the appearance of 3225
cm−1and 1630 cm−1bands are charac-
teristic of stretching and bending mode
of hydroxyl group –OH and adsorbed
water species28 . In N-doped samples,
the vanishing of peaks at 1343cm−1and
1413cm−1 and reduction of peak at
1562cm−1 demonstrates the elimina-
tion of adsorbed organic species. It
is also observed that 1630cm−1 and
3225cm−1peaks are much stronger in
N-doped Nano-powders as compared
to pure TiO2 indicating more sur-
face bound hydroxyl groups and water
molecules which is fruitful in enhanc-
ing photocatalytic activity by cap-
turing photo-generated holes (h+) to
form highly oxidative OH• radicals33 .
Moreover, in T5N2 sample small peaks
appearing at 3334cm−1 and 1449cm−1

are due to –N-Ox bond34 and N-H
stretch respectively35 .

Diffuse Reflectance Spectroscopy
To analyze the effect of nitrogen dop-
ing on optical band gap values of
as-synthesized Nano-powders, diffuse
reflectance spectra (DRS) of both pure
and doped samples were recorded and
the results are shown in Figure 3(a). It
can be observed in the DRS plot that
in doped samples the optical absorption
is extended towards longer wavelength
region as compared to pure TiO2.

For the calculation of band gap ener-
gies, Kubelka-Munk relation F(R) was
used which is given as:

F (R) =
(1−R)2

2R
(2)

Here R denotes material reflectance.
Tauc plot has been made between
(F(R).h�)n and h� with n =0.5 for
indirect allowed bandgap transition, the
linear portion of graph was extrapo-
lated by drawing a line that touches
the X-axis where F(R)=0 showing band
gap energies as in Figure 3(b). The
estimated band-gap energies of as-
prepared photocatalysts are summa-
rized in Table 1. From the results, it
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Figure 1. Photo-Reactor Setup.

is clear that the prepared sample of
pure TiO2 has a wide band gap of
3.35eV which is considerably reduced
by successful incorporation of nitrogen
dopant in T5N1 sample. Further lower-
ing of band gap achieved in T5N2 sam-
ple could be attributed to increase in
amount of nitrogen by urea impregna-
tion.

It is well established that intro-
duction of nitrogen impurity into
TiO2 creates new energy states near
valence band edge which decreases the
bandgap and shifts the absorption spec-
trum to visible wavelength region15 .
At low doping concentration, nitrogen
atoms form N 2p localized states above
valence band resulting in redshift of
optical absorption therefore the band
gap is considerably reduced to 3.08eV
after primary nitrogen doping in T5N1
sample. When the amount of nitrogen
is further increased in T5N2 sample,
the band-gap is further reduced from

3.08 to 2.99eV which can be ascribed
to the effect of overlapping of N 2p
and O 2p orbitals on top of valence
band thus further improving the optical
absorbance of photocatalyst material in
visible range36 .

X-Ray DiffracƟon Analysis
The patterns obtained by diffraction
analysis are depicted in Figure 4. It can
be observed from the plot that all pre-
pared samples are crystalline in nature
with same phase and there is no extra
peak formed in the nitrogen doped sam-
ples. Further in all samples the peaks
are located at 24.6o, 37.3o, 47.3o, 53.7o,
62.2o indexed with Miller indices as
(101), (004), (200), (105), and (213)
mainly associated with anatase phase
according to JCPDS card file 21-1272.

The average crystallite size of
prepared Nano-powders was calcu-
lated from full width at half maxi-
mum (FWHM) values corresponding

to diffraction peaks by using Debye-
Scherrer formula as follows:

D =
Kλ

βcosθ
(3)

Where D is the crystallite size, λ is the
X-Ray wavelength, β is full width at
half maximum (FWHM) and θ is the
Bragg’s angle23 .

The calculated average crystallite
sizes for Pure TiO2, T5N1 and T5N2
samples are reported in Table 1. It
was found that all prepared samples
consisted of small crystal size with
no appreciable size difference between
Pure and T5N1 Nano-powders. How-
ever, it was found that the crystal-
lite size of T5N2 nanoparticles was
increased which could be attributed to
the influence of increasing amount of
nitrogen by secondary doping.

It can be clearly observed fromXRD
graph that the peaks obtained for pure
TiO2 are of less intensity showing low
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Figure 2. FTIR spectra of pure and N-doped photocatalyst powders.

anatase phase crystallinity which is
greatly enhanced after nitrogen dop-
ing. This change can be attributed
to the effect of strong electrostatic
repulsion between Nano-powders and
ammonia groups during Sol-Gel pre-
cipitation step, resulting in well dis-
persion of nanoparticles and enhanced
anatase phase crystallinity.37

Furthermore, slightly broad XRD
peak suggests small particle size for
pure TiO2, which upon N-Modification
gets narrowed showing increase in size
of the crystal as the doping level
increases. This could be due to the
expansion of lattice by nitrogen doping
at interstitial level which led to bigger
particle size as the amount of nitrogen
is increased.38

PhotocatalyƟc DegradaƟon
Experiments

Photocatalytic decomposition of
Rhodamine B was tested over as-
synthesized Pure TiO2, T5N1 and
T5N2 Nano-powders under artificial
light source (pH=3). The degrada-
tion profile is depicted in Fig. 5(a).
From the graph it can be observed that
pure TiO2 Nano-powders showed poor
activity under visible light illumina-
tion by decomposing only 17.45% of
dye under 1h irradiation. With T5N1
sample, 83.12% photocatalytic activity
was achieved whereas T5N2 showed
the highest degradation efficiency of
96.93% under same time duration. The
enhanced activity of N-modified pho-

tocatalysts can be ascribed to the role of
nitrogen in shifting the band structure
of semiconductor towards visible light
region and as the amount of nitrogen
is increased by impregnation approach,
the visible light absorption capacity of
catalyst is increased further resulting in
higher photocatalytic decomposition.
T5N2 photocatalyst was then chosen
for the rest of experimentation.

Self-fading of Rhodamine B dye
under light in the absence of catalyst
was also tested and it was found that
no degradation of dye took place under
light illumination only. The effect of
photocatalyst without light illumina-
tion was also investigated by conduct-
ing experiment under dark conditions
and only 4% of dye concentration was
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Figure 3. (a) Reflectance spectra, (b) Tauc Plot of Pure TiO2, T5N1 and T5N2 Photocatalysts.

Figure 4. XRD patterns of pure and doped powders.

Table 1. Summary of Crystallite Size and Band gap energies of as-synthesized Nano-Powders
Sample Avg. Crystallite Size (nm) Band gap (eV)
Pure TiO2 5.85 3.35
T5N1 5.95 3.08
T5N2 7.35 2.99
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reduced after 2h which could be mainly
attributed to the adsorption of dye on
catalyst surface and not due to decom-
position.

KineƟc Study
For most organic compounds, the pho-
tocatalytic degradation mechanism has
often been described by Langmuir-
Hinshelwood (L-H) kinetic model
which also takes into consideration
the adsorption of substrate on surface
of photocatalyst as represented in Eq.
(4)39 .

−d (C]

dt
=

kr Kads[C]

1+Kads[C]

Where, kr is the reaction rate constant
(mgL−1 min−1), Kads is the adsorption
coefficient of substrate on catalyst sur-
face (mg−1 L) and [C] is the concen-
tration of substrate (mg L−1). As in
case of low substrate concentration ( i-
e Kads [C] <<1) the L-H equation takes
the pseudo-first order kinetic form40

(Eq.5) which is further simplified by
integration as depicted in Eq. (6):

−d (C]

dt
= kapp × [C] (5)

ln
[C0]

(C]
= kapp × t (6)

Here kapp=krKadswhich is the appar-
ent first order rate constant. In order to
determine the kinetics of Rhodamine B
photocatalytic degradation, the equa-
tion was plotted for all prepared pho-
tocatalysts as shown in Fig. 5(b). The
resulting straight lines confirmed that
the dye degradation obeyed pseudo-
first order kinetics. The values of
apparent rate constant kappevaluated
from slopes of plot were 0.0033min−1,
0.0310min−1, and 0.0714min−1for
pure TiO2, T5N1 and T5N2 respec-
tively. Table 2 summarizes the apparent
rate constants, corresponding R2values
and degradation percentages for respec-
tive photocatalyst powders.

Effect of SoluƟon pH
Solution pH has a great influence on
photocatalytic efficiency as changing
pH affects the stability, surface charge
chemistry and the redox potential of
free radicals which are formed over
photocatalyst surface. In order to study
the effect of pH on degradation effi-
ciency, photocatalytic tests were per-
formed with varying initial solution pH
(acidic pH 3, neutral pH 7 and basic pH
10) by keeping other parameters con-
stant under 2 hour irradiation time. The
results are plotted in Figure 5(c). At
neutral pH conditions, 84.17% decom-
position of dye was achieved whereas
the rate of photocatalytic reaction was
significantly enhanced when initial pH
of solution was lowered (pH=3) result-
ing in 99.83% Photo-degradation. It
was observed that under acidic condi-
tions stable colloidal suspension was
obtained offering high surface area for
photocatalytic activity, also the lattice
bound oxygen has a tendency to trap
holes in presence of protons to form
surface bound hydroxyl radicals result-
ing in enhanced photocatalytic effi-
ciency under acidic environment41 .
When pH was increased to 10 the sta-
bility and dispersion of nanoparticles
was adversely affected and agglomer-
ation was favored which resulted in
lower activity of only 52% under alka-
line conditions.

Effect of Photocatalyst Dose
To study the effect of photocatalyst
load on photo-degradation efficiency,
experiments were performed with cat-
alyst dose of 0.03 to 0.12g at pH=3
and room temperature conditions. It
was found that as the amount of photo-
catalyst was increased higher degra-
dation rates were obtained till cata-
lyst dosage of 0.09g, this is mainly
due to increase in number of active
sites available for photo-absorption
thus enhancing photocatalytic activity.
Further increase of catalyst dose to
0.12g resulted in decreased photocat-
alytic efficiency which could be the
effect of hindrance to light penetration

in the bulk of solution due to increased
turbidity of the solution with high pho-
tocatalyst dose. The obtained optimum
quantity of photocatalyst was 0.09g or
1.5g/L. The results are depicted in Fig-
ure 6(a).

Effect of iniƟal Dye ConcentraƟon
The effect of initial Rhodamine B dye
concentration on photocatalytic per-
formance was evaluated within the
concentration range of 5-20mg/L and
the results are illustrated in Figure
6(b). The degradation performance was
found to be reduced with increase in
initial dye concentration which could
be attributed to the consequence of
blockage of light falling on photo-
catalyst surface due to excessive dye
molecules in solution which in turn
lessens the amount of photons reaching
the photocatalyst surface. This eventu-
ally limits the production of hydroxyl
radicals and superoxide anions lead-
ing to decreased photocatalytic perfor-
mance.

PhotocatalyƟc AcƟvity under
Natural Sunlight IlluminaƟon
Rhodamine B (10mg/L) decomposi-
tion was tested with pure TiO2 and
T5N2 photocatalyst for 1 hour sun-
light irradiation under optimum con-
ditions of catalyst load and the solu-
tion pH was adjusted to 3 with HCl.
The suspension of photocatalyst and
dye solution was stirred in dark for
15 min after which the assembly was
placed under direct sunlight for photo-
catalytic testing. Results shown in Fig-
ure 6(c) illustrate remarkable activity
of T5N2 photocatalyst as compared to
pure TiO2Nano-Powders. It was found
that only 19% of dye degradation was
achieved with pure TiO2 nanopow-
ders, however, with T5N2 photocat-
alyst 99.9% dye decolorization took
place under similar conditions. Com-
parison of photocatalytic activity under
artificial light source and natural sun-
light with T5N2 sample revealed 3%
increase in degradation performance
under natural sunlight, whereas in case
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Table 2. Summary of Kinetic parameters and corresponding degradation% for As-prepared Photocatalyst Powders
Photocatalyst Kapp (min−1 ) Coefficient R 2 Degradation (%) (Time=1h)
Pure TiO2 0.0033 0.9959 17.45
T5N1 0.0310 0.9963 83.12
T5N2 0.0714 0.9883 96.93

Figure 5. (a) Degradation profile of Rhodamine B dye over pure TiO2, T5N1 and T5N2 catalysts (b) Plot of ln(C0/Ct) vs
time for RhB degradation over pure and N-doped TiO2 (c) Effect of pH on photo-degradation of Rhodamine B over T5N2
Nano-powders. Top panel shows the appearance of TiO2, T5N1, and T5N2 samples.

Figure 6. (a) Effect of catalyst dosage on % degradation of Rhodamine B (b) Effect of initial dye concentration on degradation
efficiency of Rhodamine B (c) Comparative illustration of RhB dye degradation under natural sunlight with pure TiO2 and
T5N2 nanoparticles
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of Pure TiO2Nano-Powders, the degra-
dation was enhanced by 8% under Sun.
Thus slightly higher activity for both
photocatalysts was obtained under nat-
ural sunlight irradiation as compared to
artificial lamp.

It is well known that photocatalytic
activity is not only dependent on pho-
tocatalyst powder characteristics but
also on the intensity and wavelength
spectrum of incident light source. As
the intensity of desired wavelength
radiations falling on photocatalyst is
increased, more electron-hole pairs are
formed on photocatalyst surface lead-
ing to high rate of photocatalytic reac-
tions[]. In our study, we have uti-
lized LED White light which is free of
UV radiations, requires less electrical
energy input (20 Watts) while giving
good light intensity output to check the
photo-catalyst activity under only visi-
ble light radiations.

For experiments under natural sun-
light, peak summer midday time was
selected at whichmaximum intensity of
sunlight is available therefore, higher
photocatalytic activity is achieved due
to high intensity of incident light pho-
tons as compared to indoor experi-
ments with artificial lamp. Also, sun-
light spectrum contains small portion
of UV radiations which can excite the
photocatalyst powders as they possess
higher energy than the bandgap of pre-
pared samples42 .Therefore, it is sug-
gested that the higher activity of photo-
catalysts under sun is the consequence
of high intensity visible light rays along
with the presence of UV radiations.

Proposed DegradaƟon
Mechanism
Photocatalysis of organic pollutants is a
highly complex process involving var-
ious reduction/oxidation reactions on
Photocatalyst surface. The degradation
mechansim starts when the light of
appropriate wavelength falls on pho-
tocatalyst surface, making the elec-
trons (e−) in valence band (VB) to
get excited and jump to the conduction
band (CB) leaving behind holes (h+)

in valence band43 . The dissolved oxy-
gen present in solution readily captures
the CB electrons to form superoxide
anion which undergoes further reduc-
tion to produce hydrogen peroxide in
two steps, first the superoxide anion in
presence of protons form hydroperoxyl
radical (HOO.) which upon reduction
give hydrogen peroxide as represented
in Eq (7-9).-

O2 + e−CB → O−·
2 (7)

O−·
2 +H+ → HOO· (8)

HOO ·+e−CB +H++→ H2O2 (9)

Hydroxyl radicals are then formed by
dissociation of H2O2 and/or by the
attack of highly reactive valence band
holes (h+) on the adsorbed water/OH−

(Eq. 10-12)44 .

H2O2 + e−CB → OH ·+OH− (10)

H2O2 +O−·
2 → OH ·+OH−+O2 (11)

OH−/H2O+h+νB → OH · (12)

O2−
s +H++h+νB → OH ·

s (13)

Furthermore, under acidic environment
lattice bound oxygen trap holes to
generate surface bound hydroxyl radi-
cals45 as in Eq-13.

The attack of these generated
hydroxyl radicals on RhB molecules
along with direct oxidation of RhB
dye on photocatalyst surface by VB
holes (h+) eventually degrade dye
pollutant into mineralization prod-
ucts such as carbon dioxide, water and
inorganic nitrogen species (NH4

+and
NO3

−).46,47
Apart from photocatalytic degrada-

tion pathway, photo-sensitized decol-
orization of Rhodamine B dye also
takes place to some extent on photocat-
alyst surface (Eq-14-15). Rhodamine
B is a sensitizer dye which itself gets
excited on exposure to visible light

and injects an electron to the conduc-
tion band of semiconductor which is
captured by dissolve oxygen resulting
in superoxide anion (O2

.−) formation.
Hydroxyl radicals are then generated
by the same scheme as described ear-
lier in Eq (8-11). These active rad-
ical species subsequently reacts with
RhB dye yielding degradation prod-
ucts.48,49

RhB+hν → RhB∗ → RhB·++ e−CB (14)

RhB/RhB·++O−·
2 +OH · →

Degradation Products (15)

In the present study, slight photoac-
tivity obtained under artificial visible
light with pure TiO2 could be attributed
to the photosensitization effect since
pure TiO2 is a wide bandgap mate-
rial which cannot be activated with visi-
ble light wavelengths to undergo photo-
catalytic degradation with electron(e−)
hole ( h+) pair formation on photocata-
lyst surface.

Also, it is noted that the activ-
ity of the photocatalyst was increased
4.76 times after primary nitrogen dop-
ing (T5N1) and 5.55 times after sec-
ondary doping (T5N2) which is mainly
attributed to the enhanced photoabso-
prtion capacity of semiconductor in vis-
ible light range by nitrogen insertion as
confirmed by DRS analysis. The intra-
band states are created near the valence
band edge with nitrogen incorpora-
tion50 which decreases the bandgap of
photocatalyst and favors the e− transfer
from VB to CB on visible light expo-
sure. Thus Rhodamine B dye is effec-
tively degraded by sequence of reac-
tions under visible light active N-TiO2
based photocatalytic system. Scheme
of degradationmechansim on photocat-
alyst surface is represented in Figure 7.

CONCLUSIONS
Anatase phase N-modified TiO2
nanoparticles were successfully syn-
thesized by adopting fast acetic acid
assisted Sol-Gel method with ammonia
solution as primary nitrogen precursor
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Figure 7. Proposed Degradation Mechanism of RhB over Photocatalyst Surface

(T5N1 sample). The amount of nitro-
gen was increased bywet-impregnation
route with urea as secondary nitro-
gen dopant (T5N2 sample). Signifi-
cant bandgap reduction with nitrogen
insertion in Nano-powders was con-
firmed by diffuse reflectance spec-
troscopy. T5N2 photo-catalyst showed
highest photocatalytic activity which
is attributed to the effect of nitrogen
impurity on lowering band gap energy
of semiconductor material making
the catalyst active under visible light
region. Under 20W Artificial White
LED with T5N2 Nano-powders, degra-
dation of Rhodamine B was 96.93%
after 1 hour whereas experiments under
natural sunlight showed higher photo-
catalytic efficiency as compared to arti-
ficial light with 99.9% decomposition
of dye within same time duration. The
enhanced photocatalytic performance
under free and renewable sunlight is
expected to be the effect of small por-
tion of UV radiations and high inten-
sity of visible light photons making the
process more efficient and economical.
Therefore, it can be concluded that the
adopted semiconductor based technol-
ogy for environmental remediation is
efficient and effective enough to be
further investigated and practiced on
real time wastewater system.
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