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Abstract

The purpose of this study is to calculate the band gap value of mixture phases of TiO2 nanoparticless. The direct
and  indirect  band  gap  of  the  samples  can  be  estimated  from  measurements  data  of  diffuse  reflectance
spectrascopy. Iron-doped titanium dioxide (TiO2) nanoparticles were prepared via a facile and economical sol
gel procedure.  The prepared samples were characterized using X-ray diffraction (XRD) and UV-Vis diffuse
reflectance  spectroscopy.  The  obtained  results  by  DRX displayed  that  samples  annealed  at  550  oC for  3h
crystallized into mixture phases.  The optical properties were investigated by UV-vis diffuse reflectance spectra
(DRS).  Using  the  DRS data,  direct  and  indirect  bandgap  of  the  samples  was  determined  by  applying  the
Kubelka–Munk (K-M) equation.  Graphics  representations  were  used  to  calculate  Eg:  F(R)  versus  hv,  F(R)
versus λ, (F(R) hν)^n versus hv with  n = ½ for an indirect allowed transition and n = 2 for a direct allowed
transition).  Moreover the UV-Vis light-diffuse reflectance spectroscopy analysis depicted that  the absorption
region of Fe-doped TiO2 was shifted to the visible-light range, which was attributed to incorporation of iron into
the TiO2 lattice during chemical reaction.

Keywords Titanium  Dioxide,  Mixture  Phases,  Kubelka–Munk  Function,  Absorbance  Spectra,  Direct  and
Indirect Band Gap Energy. 

1. Introduction 
Nanocrystalline  transition  metal  oxide  (TiO2)  is
functional in a large range of industrial applications
that  include  photocatalysis  [1], solar  cell  [2-4],
pigments  and  gas  sensors  [5]. It  is  the  most
extensively used oxide in some applications owing
to  its  abundance  [6],  low  cost,  high  efficiency,
stability, nontoxicity and excellent biocompatibility
[7-10]. The  chemical  and  physical  properties  of
nanomaterial  are  strongly  influenced  by  the  size
crystallite,  shape and crystalline phases.  Recently,
extensive  researches  have  been  conducted  on  the
fabrication  and  characterization  of  TiO2

nanoparticles  because  of  their  novel  properties  in
large  field  application.  TiO2 has  three  kinds  of
phases, anatase (tetragonal), rutile (tetragonal), and
brookite (orthorhombic) [11]. Gupta and Tripathi 

signaled that the brookite is the rarest of the natural
TiO2 polymorphs and is the most difficult phase to
prepare  in  the  laboratory.   Additionally,  the
different  crystallographic  orientations of  the same
material  may  exhibit  different  activities.  For
instance, from the catalytic viewpoint, anatase and
rutile  are the most important  phase.  On the other
hand, TiO2 is practically no moving in visible light
due to its wide band gap energy, the anatase phase
has a band gap of 3.2 eV (385 nm), while the rutile
phase has a smaller band gap of 3.0 eV (410 nm)
[12,  4]. Additionally,  the  anatase  can  show  a
photocatalytic activity only under UV light 

 

 

irradiation,   while   UV   light   accounts   for   only   a
small   fraction   (~5%)   of   the   solar   energy  [13].
Therefore,   band   gap   engineering   by   possible
modification   of   materials   is   one   of   the   moving
investigate.  Paul   et  Choudhury  [14]  demonstrated
that pure anatase and rutile phase have band gap in
the UV region, whereas a mixture of these phases
has lower band gap and corresponds to the visible
region.   They   indicate   that   the   mixed   phase
nanocristalline   titania   exhibit   superior
photocatalytic activity, this is due to the synergitic
effect of mixed phases  [14].  Biswajit et Amarjyoti
[15]  reported that the crystalline anatase and pure
rutile TiO2  have band gap in UV region with short
carrier   lifetime,   in   contrast   the   mixture   of   these
phases have lower band gap and longer decay time.
Additionnally   they  displayed  that   in   mixed  phase
TiO2  the  charge   carriers  are   separated  due   to  the
transfer of electrons from anatase to rutile.  Hurum
et al  [16]  indicated that the presence of rutile phase
extends   the   photoactive   response   to   the   visible
region,  harvesting more light,  and stabilization of
charge separation by electron transfer from rutile to
anatase   trapping   sites   slows   down   the
recombination. Yamada et al  [17]  reported that the
anatase   phase   has   an   indirect   band   gap,   the
conduction   band   electron   and   valence   band   hole
will  be in different position in the Brillouin zone,
whereas the rutile phase has a direct band gap. In
principal the band gap energy depends strongly the
structure   crystals.   The   mixture   of   TiO2  NPs   has
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reduced  band  gap  because  of  the  presence  of
interface defects and due to the different alignment
of the band states in anatase and rutile.  Recently,
Biswajit et Amarjyoti, Baiju et al  [32,18] reported
that  the  anatase-rutile  mixture  phase  is  found  to
have  a  magical  effect  on  the  charge  transfer
process, and longer carrier lifetime, whereas a short
lifetime is reported  when rutile  content  increases.
Su  et  al.  [19] reported  that  a  mixture  of  60  %
anatase and 40 % rutile mixed phase TiO2 exhibit
better photoactivity than individual anatase or rutile
polymorphs. 

Diverse  method  have  been  introduced  to  prepare
metal  ion-doped  TiO2 nanoparticles  are  the
hydrothermal method [20], sol-gel method [21-23],
thermal hydrolysis [24],wet chemical synthesis and
anodic-  oxidation  [25-26]. Among these methods,
the  sol–gel  method  represents  several  advantages
over other methods are reported in literature.
In  this  present  investigation,  titania  nanoparticles
were  developed  by  standard  sol  gel  process  and
were characterized using XRD and UV-Vis diffuse
reflectance spectroscopy. The principal goal of this
paper  is  to  determine  an  important  direct  and
indirect  optical  band gap of mixture phases  using
Kabelka-Munk method. 

2. Experimental part 

2.1. Preparation  of  Undoped  and  Doped
TiO2 Nanoparticles

The experimental process for the synthesis of pure
and Fe-doped TiO2 nanoparticles was prepared by
dissolving  TTIP  into  ethanol  under  vigorous
magnetic stirring for 1 hour at temperature of 70°C
and followed by adding 2ml EG used as stabillizer.
For a  doping process,  appropriate  amount of  iron
sulfate hyperahydrate (FeSO4.7H2O) was added and
stirred until a homogeneous solution precursor was
obtained.  The  solution  was  dried  at  70  °C  for  3
hours, and then air cooled to room temperature. The
samples  powders  were  collected  by  suction
filtration  and  washed  by  deionized  water  (about
60ml). The dried gel was grinded using a motar and
calcined in a muffle furnace at 550◦C for 3 h. The
samples  of  Fe  doped  and  undoped  TiO2

nanoparticles were obtained by Sol Gel technique.
Synthesis  procedure  for  iron  doped  TiO2 is
schematically shown in Fig.1

.

Fig. 1.Synthesis of Fe doped TiO2 by Sol-Gel method.

2.2. Band gap energy
The band gap energy (Eg) is an essential parameter
in  semiconductor  physics.  The  band  gap  is
indicated by the region of strong absorption. Tauc
proposed a method to estimate the optical band gap
energy  using  data  absorption  spectra  [27].
Subsequently, this method was developed by Davis
and Mott  [28]. In the Tauc method, the density of
states is assumed to be parabolic, so that it can be
linearized by a square-root function. In a simplified
way,  Eg  is  evaluated  from  the  plot  obtained
between  the  highest  valence  band  edge  and  the
lowest conduction band edge. Electrons in a solid 

Occupy  allowed  energy  bands  separated  by
forbidden energy gaps. Two types of band-to-band
transitions are suggested: 

 Direct  transitions  (n  =  2)  when  the
participation of a phonon is not required to
conserve momentum Fig.2 (a). 

 Indirect transitions (n = 1/2) when at least
one phonon participates in the absorption
or  emission  of  a  phonon  in  order  to
conserve momentum Fig.2 (b).
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Fig. 2. Simplified representation of the band transition: (a) Direct gap, (b) Indirect gap

2.3. Measurements.
X-Ray diffraction  (XRD) analysis  was  performed
using  a  Bruker  D8  Advanced  two-circle
Diffractometer  with  Cu-Kα (λ =  1.54021  Å)  °)
equiped with a Ge(111) monochromator and a Lynx
Eye detector with an accelerating voltage of 40 kV
and current of 40 mA (A)  and scan speed 6°.min-

over the range of 2θ from 20 oC to 80oC and UV–vis
diffuse reflectance spectroscopy was collected from
ranging 200-800 nm with a resolution of 1.0 nm.
The  spectra  were  used  to  determine  the  optical
proprieties

3. Result and discussion

 Phase identification by DRX

X-Ray Diffraction (XRD) analysis was carried out
on TiO2 NPs prepared by simple sol gel process. 

The X-ray diffraction pattern of the prepared titania
nanoparticles annealing at 550 oC for 3 h is depicted
in  Fig.3.  Before annealing,  the samples  show the
amorphous  structure  as  shown  in  Fig.3a).  This
structure was converted into a crystalline structure
after annealing as shown in  Fig.3(b)  and Fig.3(c).
The results reveal the presence of mixture (anatase
and  rutile)  phases  with  (101)  and  (110)  main
crystallographic  orientations respectively.   Angles
corresponding to anatase are at 25.39, 37.91, 48.25,
62.7,  70.2  and  75.09,  with  peaks  (101),  (004),
(200),  (204),  (220) and (215),  respectively  (ICSD
no. 96-900-8214). While rutile phases 27.61, 36.25,
41, 32 and 56.69 are indicated as the (110), (101),
(111) and (220) planes respectively.

Fig 3. The XRD patterns of a) amorphous structure (before annealing) b) and  c) of undoped and Fe-doped
TiO2 nanoparticles (after annealing at 550°C for 3h).

For TiO2  NPs crystal system, the lattice parameters
(a=b≠c)  were  estimated  from  2θ  values  of  XRD

pattern  using  Bragg’s  law  (Table  1). The  lattice
constants do not change with the presence of Fe 
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doping  in  the  crystal  TiO2.  The  results  of  lattice
parameters  of  pure  and  Fe3+-doped-TiO2 are
presented in Table 1.

Table 1:  lattice parameters of pure and Fe doped
TiO2 nanoparticles

Un-dopedSamples
TiO2

Fe-doped
TiO2

Anatase (2θ) 25.39(101) 
48.25(200)

25.39(101) 
48.22 (200)

Rutile (2θ) 27.50(110)
 36.20(101)

27.52(110)
 36.19(101)

Lattice
parameters  a=b
≠c(A°)(Bragg’s
law )

Anatase;
a=b=3.55,
c=9.00
Rutile;
a=b=4.31,
c=2.78

Anatase;
a=b=3.56,
c=8.96
Rutile;
a=b=4.27,
c=2.77

The mass fractions  of the samples is calculated by
the following formula [30]  and presented in  Table
2.

fr=
Ir

0.886 Ia+ Ir
 ………… (1)

fa=
0.886 Ia

0.886 Ia+ Ir
…………. (2)

Where  fr  and  fa  represent  the  weight  percent  of
rutile TiO2 and anatase TiO2, respectively. Ia and Ir

integrated diffraction intensities of the most intense
anatase  (101) and rutile (110) peaks,  respectively.
The parameters  calculated  using  Eqs.  (1) and  (2)
are depicted in Table 2

Table 2:  the mass fractions  of  rutile  and anatase
phases in the samples 

 Optical study by DRS
Data  measurements  of  diffuse  reflectance
spectroscopy  (DRS)  have  been  performed  to
analyze the optical properties of undoped and Fe-
doped  TiO2 NPs.  The  diffuse  reflectance
spectroscopy  DRS  is  one  of  the  most  employed
technique  for  the  determination  of  the  optical
parameters  such  as  absorbance  spectra,  bandgap
direct and indirect of the material. The main goal of
this  part  is  to  evaluate  the  result  of  the  UV–vis
diffuse reflectance spectroscopy, the application of
the Kubelka–Munk theory and Tauc plot equation
for the estimation of the optical bandgap direct and
indirect  of  mixture  TiO2 NPs.  The  UV–vis
absorption  spectral  of  doped  and  TiO2 pristine  is
carried out in diffuse reflectance mode (DRS). The
reflectance  of  the  samples  is  converted  to
absorbance by Kubelka–Munk function noted F(R)
and given by [29]

F ( R )=
K
S

=
(1−R)

2

2R
……… ..(3)

Where F(R) is known Kabelka-Munk function, K is
the  molar  absorption  coefficient,  S  is  scattering
factor and R is the reflectance of TiO2 NPs and is
equal to:

%R=
R

100
……………………… (4)

The  estimation  of  the  band  gap  energy  of  the
mixture  phases  by  applying  the  Kubelka–Munk
(F(R)) has been reported by Kubelka P [31].  They
have also signaled that the calculation of band gap
value for TiO2 by directly plotting F(R) against  hv
or λ. The absoption spectra of TiO2 NPs are shown
in  Fig.  4.  The  optical  band  gap  of  undoped and
doped  TiO2 were  estimated  around  440  nm
(2.81eV) and 489.6nm (2.53 eV) by ploting F(R)
versus  photon  energy  hv.  In  all  the  cases,  the
optical  edge  or  gap  was  inferred  by  linear
extrapolation of the absorbance from the high slope
region obtained from the spectra.

(101)  Anatase
phase (%)

(110)Rutile
phase  (%)

Pure TiO2 (27.50)18.13(25.39)81.86
Fe-TiO2 (27.50)81.88(25.39)18.42
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Fig. 4.  Absorption spectra of undoped and doped TiO2NPs

The Kubelka–Munk function  can  be  modified  by
multiplying the F(R) by the incident photon energy
(hv),  using  the  corresponding  coefficient  (n)
associated with an electronic transition as follows;

¿

Where h is the Planck’s constant (J.s) and v is the
light  frequency  (s-1).  The  value  of  exponent  n

represents  the nature  of  electronic transition from
valence band to conduction band.
The Figure 5 shows the determination of the direct
band gap of the samples by plotting [F(R)hυ]n (n=2
for direct band gap) vs energy (hυ). The line drawn
at  the  linear  part  of  [F(R)hυ]2 at  hυ=0  gives  the
value  of  band  gap.  The  band  gap  values  of  the
samples are inserted in Table3.
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Fig. 5  shows the determination of the direct  band gap for  a) of pristine and  b) doped TiO2NPs by plotting
[F(R)hυ]^2

The Figure.  6 shows  the  determination  of  the
indirect  band  gap  of  TiO2 by  plotting  [F(R)hυ]n

(n=1/2 for indirect band gap) vs. energy (hυ). The
line drawn at the linear part of [F(R)hυ]1/2 at hυ=0
gives the value of band gap. The values of the band
gap of the samples are inserted in Table3.

Our results show that the band gap values estimated
for the indirect transition are in agreement with the
values  obtained  with  the  plotting   absorption
against wavelength, which confirme that the mixed
phase  samples  exhibit  an  indirect  electronic
transition (indirect band gap. Obtained results are in
accordance with Jin et Su results [30, 19].
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Fig. 6 Graphical  representation of modified Kubelka–Munk function for  a) undoped and  b) doped TiO2 by
plotting [F(R)hυ]^1/2 versus hv

Table  3.  Different  values  of  Band  gap  energy
estimated for pristine and Fe doped TiO2 samples. 

4. Conclusion 

In this paper, we have described the both band gap
of  nanocrystalline  TiO2 prepared  by  sol  gel
technique.  A  Comparison  was  made  for  optical
property of pure and Fe doped TiO2 NPs. Based on
characterization  results,  all  the  produced  samples
are mixture phases and has lower indirect band gap,
which  corresponds  to  the  visible  region.  We can
conclude that sol gel, as a reproducible technique, is
well adapted for the elaboration of high-quality of
TiO2 NPs  with  interesting  structural  and  optical
properties for photovoltaic application.
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