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a  b  s  t  r  a  c  t

A  series  of  nitrogen-doped  Degussa  P25  photocatalysts  were  synthesized  successfully  by  grinding  and
calcination  method  using  2,6-diaminopyridine  (DAP)  as  a nitrogen  precursor.  The  prepared  samples  were
characterized  by  various  analytical  methods.  The  phase  contents  of  anatase  and  rutile in  the  Degussa  P25
powders  have  been  altered  by  simply  changing  the  proportion  of  DAP.  A  mechanism  involving  chelated
DAP  molecule  on  TiO6

2− octahedron  is  discussed.  The  enhanced  activity  is  attributed  to  synergistic  effect
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in  the two  phase  solid  material.  Due  to  the  low  activation  barrier,  the effective  inter  particle  electron
transfer  between  the  two polymorphs  is  quite  efficient  only  when  they  are  in  close  proximity  with
similar  crystallite  sizes.  The  transfer  of  electrons  from  the  rutile  phase  to  lattice/electron  trapping  sites
of anatase  and  also  to  the  Ti3+-Vo defect  level  created  by the dopant  favors  effective  charge  separation

talyti
ethylene Blue
,6-Diaminopyridine

and  enhance  the  photoca

. Introduction

The Degussa P25 TiO2 (P25) is a well known commercial mate-
ial containing anatase and rutile phases in the ratio of ∼3:1[1]. It
s widely used in various technological application such as solar
nergy storage cells [2,3], catalyst in the synthesis of organic
ompounds [4,5], degradation of organic contaminants in gaseous
hase and aqueous systems [6,7], degradation of volatile acetone
s an indoor air pollutant into CO2 and water [8], abatement of the
. coli bacteria under solar simulated light [9]. P25 shows excellent
hotocatalytic activity because of the adsorptive affinity of organic
ompounds on the surface of anatase whose percentage is higher
han that of rutile phase. In addition anatase exhibits lower rates of
ecombination in comparison to rutile due to its 10-fold higher rate
f hole trapping capacity [10,11]. However, the inherent limitation
f P25 is the large band gap (3.2 eV), which hinders it being active in
he visible region (� > 400 nm). Many approaches have been made
o improve the visible light response of P25. Doping with various
onmetal ions like N, C, S etc., is one of the effective method for
reparing visible light active photocatalyst. There are three possi-
le ways to incorporate nitrogen atoms in to the TiO2 lattice: (i)

eplacement of lattice oxygen by an N atom, (ii) replacement of Ti
tom by an N atom (These two mechanisms imply the rapture of
i O bonds that must be replaced either by Ti N or by N O bonds),

∗ Corresponding author. Tel.: +91 80 22961336; fax: +91 80 22961331.
E-mail address: gomatidevi naik@yahoo.co.in (L.G. Devi).

381-1169/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcata.2013.02.009
c  activity  under  solar  illumination.
© 2013 Elsevier B.V. All rights reserved.

(iii) incorporation of N at an interstitial position which may  occur
without inducing too much strain in the structure, but it is less prob-
able due to the higher size of N atom. It has been reported that the
milling atmospheres with different oxygen partial pressures had an
influence on the transformation kinetics of anatase to rutile, when
the nanocrystalline TiO2 powders were milled in oxygen, air and
nitrogen atmospheres respectively [12,13]. Yin et al. reported phase
transformation of anatase to rutile using P25 titania by ball milling
the powder with hexamethylenetetramine as a nitrogen precur-
sors [14]. Kang et al. have used NH3 as nitrogen source and they
have observed that grinding the samples in the presence of gaseous
ammonia increases the specific surface area, with in an increase in
the grinding time period [15]. However comparison of photocat-
alytic activity and determining the factors which influence their
activity is greatly restricted. This is because the rutile is prepared
as thermally stable phase and usually possesses much smaller sur-
face area and larger crystallite size than anatase TiO2. In fact, some
researchers have demonstrated that rutile titania with smaller crys-
talline size and with larger surface area possess high photocatalytic
activity [16–20]. Liu et al. also reported that the iodine doped
TiO2 with a two  phase solid material shows much better activity
than the anatase TiO2, when the crystal sizes of rutile and anatase
phase were comparable [21]. In the present work, diaminopyri-
dine (DAP) was used as the nitrogen precursor. The phase contents

of anatase and rutile in the P25 powders have got altered by
simply changing the proportion of DAP and the performance of
the catalyst was tested for the photodegradation of Methylene
Blue (MB).

https://core.ac.uk/display/72801022?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.molcata.2013.02.009
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:gomatidevi_naik@yahoo.co.in
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. Experimental method

.1. Materials

Degussa P25 TiO2 was used as the starting material to prepare
itrogen doped titania. 2,6-Diaminopyridine (C5H7N3) is obtained

rom Merck chemicals Ltd. MB  is a cationic dye which was  obtained
rom Aldrich. The molecular formula of MB  is C16H18ClN3S and the

olecular weight is 319.85. Double distilled water was used in all
he experiments.

.2. Catalyst preparation

For the preparation of non metal ion doped TiO2, a known con-
entration of nonmetal ion solution was added to the calaculated
mount of TiO2 to get the desired dopant concentration in the
ange of 0.04–0.2 wt.%. For example the preparation of 0.04 wt.% N
oped P25 (NTP25-04), 0.1039 g of DAP (0.04 g of N) was dissolved

n 100 ml  double distilled water. 1 ml  of this solution (contains
.001039 g of DAP or more precisely it contains 0.0004 g of N) is
dded to the 1 g of P25 to get NTP25-04. The mixture was ground
n a pestle and mortar and oven dried at 120 ◦C for one hour. The
rocess of grinding is repeated for four times and the powder is
nally calcined at 550 ◦C for 5 h. Similar stoichiometric volume of
AP solution (solution A) was added to the calculated amount of
25 to get the dopant concentration in the range of 0.1, 0.15 and
.2 wt.%, which are abbreviated as NTP25-10, NTP25-15 and NTP25-
0 respectively.

.3. Characterization of the catalyst

The Powder X-ray diffraction (PXRD) patterns of the samples
ere obtained using Philips pw/1050/70/76. The diffractometer
as operated at 30 kV and 20 mA.  Cu K� was used as a source with
ickel filter at a scan rate of 2◦/min. The average crystallite size
D) was calculated (at a scan rate of ½◦/min) in accordance with
cherrer’s formula D = k�/  ̌ cos�, where k is the constant (shape
actor, ∼0.9), � is the X-ray wavelength (0.15418 nm),  ̌ is the
ull width at half maximum (FWHM) of the diffraction line and

 is the diffraction angle. The values of  ̌ and � are taken for
rystal plane (1 0 1) of anatase phase and (1 1 0) for rutile phase.
ourier transfer infra red spectra (FT-IR) were recorded using Nico-
et Impact 400 D FTIR spectrometer with potassium bromide as
he reference. X-ray photoelectron spectra (XPS) were recorded
ith ESCA-3 Mark II spectrometer (VG Scientific Ltd., U.K.) using
l K� radiation (1486.6 eV). XPS experiments were performed in

 standard UHV chamber (base pressure 3 × 10−9 Torr) equipped
ith a 100 mm hemispherical electron analyzer (Scienta, SES 100).

he spectrometer was calibrated by setting the binding energies
f Au 4f7/2 and Cu 2p3/2 to 84.0 and 932.7 eV respectively. The
inding energy for the samples is normalized with reference to
he C 1s peak at 284.6 eV resulting from the adsorbed hydro-
arbon fragment. The XPS binding energies were measured with

 precision of 0.1 eV. No surface cleaning or ionic etching was
erformed before the experiment since it may  induce some modi-
cation or damage to the surface. C 1s line was taken as reference

or all the samples. Analysis of XPS spectra was done by peak
ecomposition procedure by using Gaussian-Lorentzian curve fit-
ing. Photoluminescence (PL) spectra were recorded on a Hitachi
-7000 fluorescence spectrophotometer. The diffuse reflectance
pectra (DRS) were obtained with Schimadzu-UV 3101 PC UV-
IS-NIR spectrophotometer, using BaSO4 as the reference sample.

ubelka–Munk plot was used to calculate the band gap energy val-
es. It is a plot of (1 − R∞)2/2R∞ (relative reflective intensity) versus
avelength, where R∞ is the ratio of relative reflected intensity of

he sample to that of non-absorbing standard (BaSO4). (1 − R∞)2 is
alysis A: Chemical 374– 375 (2013) 12– 21 13

the molar absorption coefficient and 2R∞ is the scattering coef-
ficient. Surface morphology was  analyzed by JSM840 scanning
electron microscope (SEM) operating at 25 kV. A thin layer of gold
had been evaporated on the surface of the specimen. The specific
surface area and pore volume of the powders were measured by
dynamic Brunner–Emmet–Teller (BET) method in which N2 gas
was adsorbed at 77 K using Digisorb 2006 Nova Quanta Chrome
Corporation Instrument. The specific surface area was determined
by multipoint BET method using the adsorption data in the rela-
tive pressure (P/Po) range of 0.05–0.3. Desorption isotherm were
used to determine the pore size distribution, pore volume and pore
diameter using the Barret–Joyner–Halender (BJH) method. Prior to
the measurements, the catalysts were calcined at 150 ◦C for 1 h.

2.4. Photocatalytic degradation procedure

Artificial light source of 125 W medium pressure mercury vapor
lamp with the photon flux of 8.1 mW/cm2 whose wavelength of
emission is ∼370 nm was  used as UV source. All the experiments
were carried out in a circular borosilicate glass reactor with expo-
sure surface area of 176 cm2. Photocatalysis under solar light was
performed between 11 am and 2 pm during the summer season in
the months of April–June at Bangalore, India. The latitude and lon-
gitude of the place is 12.58N and 77.38E respectively. The average
solar intensity was found to be 0.753 kW m−2 (using solar radiome-
ter). The intensity of solar light was  concentrated by convex lens
and the reaction mixture was exposed to this concentrated solar
light. In a typical experiment 250 ml  solution having 40 mg/L of
MB solution along with 400 mg/L of photocatalyst were used. The
reaction mixture is stirred vigorously using magnetic stirrer for the
entire time span of the experiment. The samples were collected at
different time intervals and were subjected to centrifugation fol-
lowed by the filtration through 0.45 �m Millipore filter to remove
the catalyst particles. The residual concentration of the MB  was
determined by UV–vis spectroscopy in the wavelength range of
190–600 nm.

3. Results and discussions

3.1. Powder X-ray diffraction (PXRD) studies

Fig. 1 shows the PXRD pattern of P25 and NTP25 samples. The
anatase phase of titania shows a major peaks at 2� = 25◦, 37◦, 48◦,
55◦, 56◦, 62◦, 71◦ and 75◦ and rutile phase shows the major peaks
at 2� = 28◦, 36◦, 42◦, and 57◦. They are indicated as A and R in the
Fig. 1. The rutile mass fraction in the sample was  calculated using
the Spurr and Meyer’s equation [22]:

XR =
(

1 + 0.884 IA
IR

)−1
(1)

XA = 1 − XR (2)

XR and XA are the mass fraction of rutile and anatase phase contents
in the powders. IA and IR are the X-ray integrated intensities of the
strongest peaks corresponding to the plane 1 0 1(at 2� = 25◦) reflec-
tion of anatase and the plane 1 1 0 (at 2� = 28◦) reflection of rutile.
Phase compositions of all the samples are given in the Table 1.
The atoms in the defect sites have higher energy than those in
the main lattice and can favorably act as nucleation sites for the
rutile phase formation at the surface of anatase crystallites. Thus the
high concentration of nucleation sites for the polymorphic phase
transition from anatase to rutile exists at particle-particle inter-

faces in comparison to the bulk. This might result in the increase
of rutile fraction for NTP25-04. The rutile mass fraction increases
with increase in the DAP concentration up to 0.15 wt.%. But fur-
ther increase in the DAP concentration (0.20 wt.%), the rutile mass



14 K.E. Rajashekhar, L.G. Devi / Journal of Molecular Catalysis A: Chemical 374– 375 (2013) 12– 21

10 20 30 40 50 60 70

A

AAAA
A

A

RRRR

2   sca le (Degree s)

A
A

A

A
A

R
RR

R

R

AA

A

A
A

A

R
R

R

R

A

AA
AA

A

A

R
R R

R

In
te

ns
it

y 
(a

.u
.)

E

D

C

B

A

AA

A

A

A

RR
R

F
N

c
r
t
c
r
d
r
h
f
i
c
l
f
[
1
o
a
t
a
t

3

K

T
S
s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

660620580540500460420340 380

NTP25-20

NTP25-15

NTP25-10

NTP25-04

P25

X

Wavelength (nm)
ig. 1. PXRD patterns of P25 and various NTP25 samples. (A) P25, (B) NTP25-04, (C)
TP25-10, (D) NTP25-15 and (E) NTP25-20 (A: anatase and R: rutile phases).

ontent decreases. The variation of anatase to rutile phase content
atio versus the nitrogen concentration is given in the supplemen-
ary material as S1. Crystallite sizes of doped samples were smaller
ompared to the undoped sample [23–26]. Parida et al. have also
eported similar results for nitrogen doped samples, crystallite size
ecreases with increase in the urea concentration [26]. Similar
esults were also reported by Li et al. where nitrogen doped TiO2
ad smaller crystallite size and larger specific surface area with sur-

ace oxygen defects produced by nitrogen dopant [27]. The change
n the ratio of anatase to rutile mass fraction and the change in the
rystallite size confirm the incorporation of nitrogen in the host
attice. The literature data show that the anatase-rutile phase trans-
ormation takes place at a temperature of 780 ◦C for pure titania
24]. The temperature for the transformation can vary from 400 to
200 ◦C depending on various factors like: (a) the type and amount
f additives. (b) Method of powder preparation and (c) heating
tmosphere. These processing variables would significantly change
he phase transformation rate and activation energy. This produces

 transition temperature either higher or lower than that of pure
itania [24].
.2. UV–vis diffuse reflectance spectral studies

The band gap energies of photocatalysts were calculated using
ubelka–Munk plot of (1 − R∞)2/2R∞ versus wavelength as shown

able 1
ummary of the structural data obtained by PXRD patterns of P25 and NTP25
amples.

Photocatalysts Fraction (wt.%) Crystallite size (nm)

A R A R

P25 82 18 25.6 85.6
NP25-04 46 54 50.1 88.1
NP25-10 51 49 51.1 58.7
NP25-15 77 23 42.4 56.9
NP25-20 65 35 43.8 58.7
Fig. 2. Kubelka–Munk plot for doped and undoped P25.

in Fig. 2 and corresponding band gap energy values are given in the
Table 2. The band gap energy values shifts to longer wavelength
on nitrogen incorporation. The extent of red shift in the band gap
was higher for NTP25-15 sample compared to other doped samples.
The shift in the band gap to the visible region for the doped samples
arises due to the electronic transition between the defect levels to
the band gap energy states of P25. The doping of heteroatom results
in the formation of additional energy level above the valence band
of P25. It is well known that valence and conduction band of P25
are mainly formed due to the major contribution by the completely
filled O 2p orbital and the empty Ti 3d orbital respectively. The 2p
orbital of the doped nitrogen atom significantly interacts with the
2p orbital of the oxygen.

3.3. XPS analysis

XPS spectra of P25 and NTP25 samples are shown in supporting
materials S2. A broad N 1s peak observed at 396–399 eV confirms
the incorporation of nitrogen in the TiO2 lattice. The peak at a
binding energy of 396.6 eV can be assigned to the substitution-
ally incorporated nitrogen in the TiO2 lattice [28,29,23]. The XPS
spectrum of Ti 2p3/2 shows a peak at 458.6 eV and 457.9 eV for P25
and NTP25 samples. The peak corresponding to Ti 2p 3/2 shows
a shift in the binding energies with increase in the nitrogen con-
tent. O 1s peaks were found at ∼529 eV in N doped samples which
could be assigned to the lattice oxygen of TiO2. Similar shift was
also observed in O 1s peak with increase in the dopant content.
The shift of both O 1s, Ti 2p3/2 in the binding energy indicates
the increase of the electron densities on the Ti atom suggesting
that some Ti3+ species may  exist in all the four samples [30]. Miao
et al. and Jagadale et al. have also assigned these shifted peaks to
TiO2−xNx [31]. These results provide strong evidence for the substi-
tutional incorporation of nitrogen in the TiO2 lattice. The observed
shift in the binding energy is due to the surface strain and lattice
distortion induced by the incorporated nitrogen dopant. Nitrogen
contents were measured using the method of the relative sensitiv-
ity of detection of the elements [32]. n1/n2 = (I1S2)/(I2S1), where n1
and n2 are the concentrations of nitrogen and oxygen in the sample,
I1 and I2 are the corresponding intensities, S1 and S2 are the rela-
tive sensitivity values (0.42 for N 1s and 0.52 for O 1s) obtained by
using C 1s line as the standard. The nitrogen content in the various

doped catalysts are obtained from the XPS data and they are listed in
the Table 2.
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Table  2
Nitrogen content (wt.%) from XPS studies, BET surface area, pore size, absorption threshold, band gap energies of P25 and NTP25 samples.

Sample Nitrogen content (atom.%) BET surface area (m2/g) Porosity (cm3/g) Absorption threshold (nm) Band gap energy (eV)

P25 – 50 0.25 380 3.26
NP25-04 0.036 58 0.28 426 2.91
NP25-10 0.061 59 0.31 436 2.84
NP25-15 0.119 66 0.34 454 2.72
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NP25-20 0.165 62 

.4. FTIR studies

Fig. 3 shows the infrared spectra of P25 and NTP25 samples.
he peaks at ∼3420 and ∼1630 cm−1 are assigned to the stretching
nd bending vibrations of the hydroxyl groups (O H). The peaks
t ∼2920 and ∼2840 cm−1 were attributed to the Ti OH bond
33–36]. The broad absorption band in the region 500–800 cm−1

s assigned to the stretching vibration of Ti O and Ti O Ti bonds
33]. A new absorption peak is observed for NTP25 samples at
1060, ∼1120 and ∼1160 cm−1 can be assigned to the N Ti O

tretching vibration [33]. The peak observed at 1400 cm−1 for
itrogen doped samples can be assigned to the N H bending
ibration.

FTIR spectra of the samples DP25, DAP, DP25 + DAP before and
fter calcinations are shown in Fig. 4. The bands observed around
119, 1170 cm−1 for P25 + DAP (before calcination) and 1170 cm−1

or P25 + DAP (after calcination) should be the characteristic band
f the monodentately bonded nitrogen species on the surface of
25. The peaks at 1590 and 1450 cm−1 are particularly diagnostic of
romatic structure observed in DAP, P25 + DAP (before calcinations)
amples. These aromatic C C skeletal in plane vibrations are not
hown by the P25 + DAP samples after calcinations implying the
estruction of aromaticity. The peaks observed in the spectra of DAP
t 1350–1260 cm−1 can be assigned to C N bond (nitrogen attached

o the aromatic carbon). These peaks completely disappear after
alcination.
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ig. 3. FTIR spectra of P25 and NTP25 samples. (A) P25, (B) NTP25-04, (C) NTP25-10,
D)  NTP25-15 and (E) NTP25-20.
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3.5. Surface morphology and surface area studies

Fig. 5 shows SEM micrographs of P25 and NTP25 samples. The
NTP25-04, NTP25-10, NTP25-15 (B–D in Fig. 5) shows the layered
structure due the high rutile concentration. This plane structure is
lost for NTP25-20 (E in Fig. 5). The retention of the layered structure
implies the ionic bonds between the O and N in TiO2 lattice.

This micrograph with higher magnification is shown in Fig. 5(F).
Analysis from BET method shows that specific surface area of the

doped samples increases from 50.1 (P25) to 66.23 m2/g (NTP25-
15) as shown in the Table 2. With further increase in the dopant
concentration, the specific surface area decreases for NTP25-20.

3.6. Fluorescence studies

The decay profiles of the prepared samples were investigated by
measuring the fluorescence lifetime. The fluorescence decay pro-
files of all the photocatalysts under the excitation wavelength of
380 nm are shown in the Fig. 6. These decay profiles were measured
using the extended exponential function [37]:

I = I0tˇ−1 exp

[
−
(

t

�

)ˇ
]

(3)

where � is the lifetime and  ̌ is the shape factor. This exponential
function has been widely used for the analysis of charge carrier
dynamics in semiconductors [38]. Decay profiles shows quit good
fitting for all doped samples and it is obtained using the above
equation. The existence of carrier trapping sites at different energy

levels, leads to a distribution of carrier transport rates. This equa-
tion can be used to calculate the lifetime of the charge carriers
in the respective catalysts and the results are given in Table 3.
There was a systematic decrease in the intensity of the decay
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Fig. 4. FTIR spectra of P25, DAP, P25 + DAP (before calcination) and P25 + DAP  (after
calcination) samples in the spectral region of 200–2200 cm−1. (For interpretation of
the references to color in figure legend, the reader is referred to the web version of
the article.)
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Fig. 5. SEM micrographs of (A) P25, (B) NTP25-04, (C) NTP25-10, (D) NTP25-15, (E) NTP25-20 and (F) NTP25-20 (higher magnification).

Table  3
Fluorescence excitation wavelength, emission lifetime of fluorescence decay profile, apparent first-order rate constant (kapp) and percentage degradation of MB under 5 h of
UV  irradiation and 1.5 h of solar irradiation for the experimental conditions of [MB] = 40 mg/L, [photocatalyst] = 400 mg/L and the reaction solution volume = 250 ml.

Photocatalyst Measured excitation
wavelength, nm

Lifetime (ns) kapp (×10−2 min−1) Percentage of degradation

UV Solar UV Solar

P25 380 2.15 0.15 0.12 62 20
NTP25-04 380 2.46 0.21 0.45 68 60
NTP25-10 380 2.22 0.26 0.49 84 71
NTP25-15 380, 290 2.12, 1.87 0.28 1.24 100 100
NTP25-20 380 2.15 0.22 0.54 75 77



K.E. Rajashekhar, L.G. Devi / Journal of Molecular Catalysis A: Chemical 374– 375 (2013) 12– 21 17

15

12.5

10

7.5

5

2.5

80757065

In
te

n
si

ty
 i

n
 a

. 
u
.

Time in ns

 A

 B

15

12.5

10

7.5

5.0

2.5

80757065

In
te

n
si

ty
 i

n
 a

. 
u

.

Time in ns

 P25

 NTP25-0.04

 NTP25-0.1

 NTP25-0.15

 NTP25-0.20

Fig. 6. Fluorescence decay profiles of P25 and NTP25 samples at excitation wave-
length of 380 nm.  The inset of the fig shows the fluorescence decay profiles of
N
3

p
c
p
1
i
p

3
r

L
t
m
t
i
e
T
e
o

z
o
[
i
t
o
o

w
f
r
(
o
a
e
a

(
l
T
c

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

A

C
/C

0

Time in hou rs

 P25

 NTP25 -04

 NTP25 -10

 NTP25 -15

 NTP25-20

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

B

C
/C

0

Time in  min

 P25

 NTP25-04

 NTP25-10

 NTP25-15

 NTP25-20

known that, this pair of polymorphs can effectively reduce the
TP25-15 photocatalyst under different excitation wavelengths: (A) 290 and (B)
80  nm.

rofile with increasing dopant concentration as shown in Fig. 6. The
harge carrier recombination reactions are reduced for the doped
hotocatalyst. The in set of Fig. 6 shows that the lifetime of NTP25-
5 is dependent on the excitation wavelength. The decay profile

s considered to be mainly determined by the recombination of
hotogenerated charge carrier [37,39].

.7. Proposed mechanism for the change in the ratio of anatase to
utile phase contents in P25

DAP (�-(NH2)2 where � is pyridine moiety) molecule acts as a
ewis base. Grinding TiO2 in presence of DAP accelerate the phase
ransformation process. This may  be due to the interaction of DAP

olecule acting as Lewis base on the fresh surface of TiO2 at Ti4+ lat-
ice sites (which acts as Lewis acid sites). Titanium ion first increases
ts coordination by using its vacant d orbitals to accept the nitrogen
lectron pairs from nucleophilic ligands such as NH group of DAP.
iO2 crystal structures consist of TiO6

2− octahedron, which share
dges and corners in different manners that result in the formation
f different crystal phases.

Octahedron in anatase share four edges and are arranged in
igzag chains along the [2 2 1] plane, while rutile octahedron share
nly two edges and form linear chains parallel to the [0 0 1] plane
40–43]. The mechanism of formation of anatase and rutile phases
n the presence of DAP is proposed in Scheme 1. The placement of
he third octahedron plays a very crucial role in the determination
f anatase and rutile phase contents (Scheme 1A) [40]. The presence
f DAP would influence the orientation of the third octahedron.

In the beginning at lower DAP concentration, DAP molecule
ould interact with octahedral hydroxyls by static electricity and

ormation of rutile nucleation is more favored (Scheme 1B). These
esults were substantiated by the IR spectroscopic techniques
confirmed from the presence of IR-peak ∼1119 cm−1 for mon-
dentately bonded nitrogen of DAP on P25 sample after calcination
s shown in the Fig. 5). But at higher concentrations of DAP, steric
ffect plays a major role, the third octahedron would polycondense
long the converse direction in order to decrease the repulsion.

This decreases the rutile content at higher DAP concentration
Scheme 1C). It has been reported that the presence of nucleophilic

igand accelerates the growth of anatase phase in TiO2 lattice [41].
herefore it can be concluded that different concentrations of DAP
an alter the anatase to rutile phase ratio in DP25 sample.
Fig. 7. Plot of C/C0 versus time (A) under 5 h of UV irradiation and 1.5 h (B) solar
irradiation for the degradation of MB  using various phtocatalysts [under the exper-
imental conditions of [MB] = 40 mg/L, [photocatalyst] = 400 mg/L].

3.8. Correlation of anatase:rutile phase ratio on the
photocatalytic activity

The plot of C/C0 (C0 is the initial concentration and C is the resid-
ual concentration at any given time interval) versus time using
different photocatalyst for the degradation of MB under UV/solar
irradiation are shown in Fig. 7 and the corresponding rate con-
stant and percentage degradation values are given in Table 3.
100% dye degradation under UV light was  observed in the pres-
ence of NTP25-15 in the time period of 5 h, while only 62, 68, 84
and75% degradation was observed with P25, NTP25-04, NTP25-10
and NTP25-20 catalyst respectively. It is noteworthy that complete
degradation takes place with NTP25-15 under solar irradiation
within the time period of 90 min. This catalyst showed highest effi-
ciency compared to all the other catalysts. The enhanced activity
of NTP25-15 under UV/solar light was  attributed to the syner-
gistic effect observed in the two phase solid material. It is well
recombination of photogenerated charge carriers to enhance the
photocatalytic activity [19,44,45]. Under UV excitation, anatase in
the mixed phase gets activated as it is a good absorber of UV light
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Scheme 1. Mechanism proposed for the formation of anatase and rutile phases in NTP25 samples; (A) the orientation of the TiO6
2− octahedron determines the phase

formation of anatase or rutile, (B) interaction of NH group of DAP with TiO6
2− octahedron and formation of rutile phase at lower concentration of DAP and (C) interaction

o 2− e pha

p
t
i
h
o

f  two  NH groups of DAP molecule with TiO6 octahedron and inhibition of rutil

hotons as shown in the Scheme 2(i). Further transfer of electrons
akes place from the conduction band edge of anatase to the trapp-

ng sites of rutile. Thus, rutile serves as a passive electron sink,
indering the recombination in the anatase phase and the hole
riginating from the anatase transfer to the surface, which accounts
se formation at higher DAP concentration.

for the enhanced activity of P25 [19,20,46,47]. Similar mechanism
takes place even in the case of NTP25-15 under UV irradiation as

shown in Scheme 2(ii). Substitutional anion doping with valence
higher than the O2− and with a larger ionic size would induce oxy-
gen vacancies at the surface of anatase crystallites, favoring the
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cheme 2. Charge transfer mechanism in the mixed phase titania under UV light
rradiation. (i) P25 (as per Refs. [19,20,46]), (ii) NTP25-15.

ond rupture leading to the ionic and structural reorganization
or the formation of rutile phase. Further the electrical imbalance
aused by the incorporated dopant is neutralized by the creation
f new oxygen vacancies (which are referred to as induced oxygen
acancies).

In comparison to P25, NTP25-15 possesses higher number of
xygen vacancies to balance the charge neutrality. This additional
Ti3+-Vo) defect level is located around 0.2 eV below the conduc-
ion band edge of anatase, which is even lower than the conduction
and edge of rutile itself and this level is more prominent in charge
ransfer reactions. Hence, subsequent electron transfer from the
natase CB to the defect level further favors the charge separation,
hich might account for the higher activity of NTP25-15 under UV

ight. The band gap of rutile is more favorable for visible light exci-
ation as the conduction band edge of rutile is 0.2 eV below the
onduction band edge of anatase as shown in Scheme 3(i). Under
olar excitation, rutile in the mixed phase gets activated as it is a
ood absorber of solar light photons. In the case of P25 transfer of
lectrons takes place from the conduction band edge of rutile to
he trapping sites of anatase to a lesser extent under solar light.

 similar mechanism takes place in the case of NTP25-15 under
olar light irradiation as shown in the Scheme 3(ii). In comparison
o P25, NTP25-15 possesses two additional defect levels corre-

ponding to Ti3+-Vo and nitrogen dopant. The Ti3+-Vo defect level
s below the conduction band edge of anatase, which is even lower
han the conduction band edge of rutile itself. Hence subsequent
Scheme 3. Charge transfer mechanism in mixed phase titania under solar light
irradiation. (i) P25 (as per Refs. [19,20,48]), (ii) NTP25-15.

electron transfer from rutile trapping site to the defect level is
favored. Higher activity of NTP25-15 could be accounted to this
charge separation [48]. The lattice trapping sites of anatase has
energy less than the conduction band edge of rutile [49]. Thus by
competing with the recombination, the charge separation activates
the catalyst. The hole originating from the rutile valence band par-
ticipates in the oxidative degradation of organic pollutants. The
transfer of electron from rutile to anatase has an activation energy
barrier of 8.3 × 10−4 eV based on the measured rate of electron
transfer [50]. Due to the low activation barrier, the effective inter
particle electron transfer between the two  polymorphs is quite pos-
sible only when they are in close proximity with similar crystallite
sizes [19,20]. The intimate contact between the two polymorphs
depends mainly on their crystallite size. Hong et al. had accounted
the lower photocatlytic performance of mixed phase titania was
due to the larger rutile crystallite size [50].

P25 has anatase to rutile ratio of 82:18 with rutile crystallite
size being 85.59 nm, larger than anatase crystallite size (25.56 nm).
The sample NTP25-15 has anatase to rutile ratio of 77:23 and the
crystallite sizes are in the ratio of 42.4:56.9 nm for the two the

phases. Since the crystallite sizes of both the phases is almost same,
it can be concluded that both the polymorphs are in intimate con-
tact in NTP25-15 compared to all the other catalysts resulting in
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ower recombination of charge carriers and thereby accelerating
he interfacial charge transfer process.

.9. Adsorption kinetics

The effect of adsorption of dye on the surface of P25 and NTP25
atalysts were studied at various initial concentrations (C = 15, 20,
5 and 30 mg/L). The results showed that with increase in the dye
oncentration, the percentage of adsorption increases as shown
n Fig. 8. The extent of adsorption on various catalysts shows
he following order: NT P25-15 > NT P25-20 > NT P25-10 > NT P25-
5 > P25. The maximum extent of adsorption takes place on the
urface of NTP25-15 and least for P25.

The obtained adsorption values were tested for different adsorp-
ion isotherms. This analysis is important to develop equations to
epresent results which can be used for designing the waste water
reatment system. The isotherm which is frequently studied for
dsorption process is Langmuir-Hinshelwood mechanism. Since
he extent of adsorption increased with the increase in the dye con-
entration, a test for Freundilch adsorption isotherm was  done. The
reundlich equation is often used for heterogeneous surfaces and
erm qe strictly refers to the extent of adsorption and it is given by:

e = kf C1/n
e (4)

The linear form of the above equation can be written as

og qe = log kf + 1
n

log Ce (5)

here Ce is the equilibrium concentration (mg/L) and qe = x/m, x
s the amount of adsorbate and m is the amount of adsorbent at
quilibrium and kf and n are Freundlich constants. n gives an indi-
ation of the favorability (n is usually less than unity) and kf is the
apacity of the adsorbent. The plot of log qe versus log Ce is shown
n Fig. 9. The intercept and slope gives the values of log kf and 1/n

alues (Table 4).

Langmuir isotherm governs the monolayer coverage on the
urface containing a finite number of identical sites and this model
ssumes uniform energies of adsorption and no transmigration of

able 4
f and n values from the plot of log Ce versus log qe (Freundlich isotherm) for the
dsorption of MB on the surface of NTP25-15 calculated using Eq. (5).

Adsorbent dose (mg/L) kf 1/n

15 7.413 3.84
20  11.22 1.52
25  10 4.0
30  11.48 3.03
e

Fig. 9. Plot of log qe versus log Ce for the adsorption of MB  on different photocata-
lysts.

adsorbent takes place. It was  experimentally tested and proved
that the characteristics of adsorption follow Langmuir adsorption
isotherm at all given concentrations. The results could be analyzed
in the following way: The initial rise in the adsorption with the
concentration of the dye is probably due the higher driving force,
larger surface area and smaller size of the dye molecule. The
rate of adsorption increases but it may still form unimolecular
layer as observed in the Langmuir adsorption isotherm. It is
found that Freundlich equation has limitation and it is valid over
the concentration range mentioned in the Fig. 8. Above 30 mg/L
saturation in adsorption is observed implying the Langmuir
characteristics. Therefore at concentrations below 30 mg/L the
amount adsorbed becomes proportional to the concentration and
resembles Freundlich isotherm, whereas at high concentration a
limiting value for adsorption is observed and follows Langmuir
adsorption isotherm.

4. Conclusion

Nitrogen doped Degussa P25 TiO2 photocatalyst with two phase
solid material of anatase and rutile was  prepared using DAP as the
nitrogen source. The phase content in the powders could be mon-
itored precisely by varying the DAP concentration. The orientation
of the third TiO6

2−octahedron plays a very important role in the
formation of rutile and anatase phase contents. The catalyst NTP25-
15 containing 77% of anatase showed the highest photocatalytic
activity for photodegradation of MB,  which can be accounted to
the following factors: (i) the defect states introduced by the nitro-
gen dopant serves as trap sites for the photogenereated charge
carriers, (ii) the effective inter particle electron transfer between
the two polymorphs is quite efficient only when they are in close
proximity with similar crystallite sizes and it further reduces the
recombination of photogenerated charge carriers by accelerating
the interfacial charge transfer process, (iii) synergistic effect is
observed between anatase and rutile phases under both UV and
solar light facilitating efficient photodegradation.
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