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Correspondence should be addressed to Václav Štengl, stengl@iic.cas.cz
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Iodine-doped TiO2 was prepared by thermal hydrolysis of aqueous solutions of the titanium peroxo-complex, which includes no
organic solvents or organometallic compounds. The synthesized samples were characterized by X-ray diffraction (XRD), Raman
spectroscopy (RS), infrared spectroscopy (IR), specific surface area (BET), and porosity determination (BJH). The morphology
and particle size was determined by high-resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED). All prepared samples have a red-shifted band-gap transition, well crystalline anatase structure, and porous
particles with a 100–200 m2 g−1 specific surface area. The photocatalytic activity of iodine-doped titania samples was determined
by decomposition of Orange II dye during irradiation at 365 nm and 400 nm. Iodine doping promotes the titania photocatalytic
activity very efficiently under visible light irradiation. The titania sample with 0.32 wt.% I has the highest catalytic activity during
the photocatalyzed degradation of Orange II dye in an aqueous suspension in the UV and visible regions.

1. Introduction

The improvement of the photocatalytic activity of TiO2 by
shifting its activating irradiation to the visible region is the
primary focus of recent TiO2 research. An intensive effort
has been devoted to achieve the utilization of visible light
via nonmetal or transitional metal ion doping of TiO2.
Nonmetal doping opens up a new possibility for the de-
velopment of solar or day light-induced photocatalytic
materials. The doping TiO2 with nonmetals such as B [1], C
[2], N [3], S [4, 5], or Se [6] and Te [7] extends the absorption
wavelengths from UV to visible region to enhance photocat-
alytic activity. Very recently, researchers have reported several
halogen dopants such as F [8, 9], Cl [10, 11], and Br [12, 13]
and demonstrated their higher photocatalytic activity under
UV as well as visible light irradiation.

Iodine-doped TiO2 powders prepared via hydrothermal
treatment of a sol-gel prepared precursor from isopropyl
titanate, Ti[OCH(CH3)2]4 and iodic acid HIO3 have had
absorption in the region of ultraviolet and visible light
and were used as a photocatalyst with the irradiation of

UV or visible light [14]. A visible light-activated photo-
catalyst of iodine-doped TiO2 was synthesized by direct
hydrolysis of the tetrabutyl titanate Ti [OC4H9]4. Iodine-
doped TiO2 exhibited stronger absorption in the visible
light range with a red shift in the band gap transition
[15]. Multivalence iodine- (I7+/I−) doped TiO2 was prepared
by combining the of deposition-precipitation process and
hydrothermal treatment of Ti(SO4)2 and KIO3. Electronic
structure calculations on the basis of the density functional
theory revealed that upon doping, new states that originated
from the I atom of the IO4 group are observed near
the lower conduction-band region of TiO2, and excitation
from the valence band of TiO2 to the surface IO4− are
responsible for the visible-light response of the I-doped
TiO2 [16]. Iodine-doped titanium oxide nanoparticles that
are photocatalytically responsive to visible light illumina-
tion have been synthesized by the hydrothermal method.
The photocatalytic activities of the I-TiO2 powders were
investigated by photocatalytic reduction of CO2 with H2O
under visible light and also under UV-vis illumination.
Carbon monoxide was found to be the major photoreduction
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Table 1: Experimental conditions, EDX analysis, surface area, porosity, and particle size.

Sample KI [g] EDX I [wt.%] Specific surface
Area [m2 g−1]

Pore volume
[cm3 g−1]

Micropore
surface area

[m2 g−1]

Micropore volume
[cm3 g−1]

Crystallite
size [nm]

TiP I01 0.1 0.10 172.3 0.6144 8.32 0.00292 32.2

TiP I03 0.3 0.05 184.1 0.6300 2.13 0.00010 30.8

TiP I05 0.5 0.10 209.9 0.6486 0.58 0.00002 30.5

TiP I07 0.7 0.32 199.9 0.5655 3.76 0.00072 30.5

TiP I10 1.0 0.30 177.4 0.8134 — — 33.4

TiP I30 3.0 0.20 149.8 0.6340 — — 33.5

TiP I50 5.0 0.61 143.2 0.6247 — — 31.6

TiP I70 7.0 0.72 180.7 0.6459 11.53 0.00448 31.3

product using both doped and undoped TiO2 [17]. Titanium
tetrafluoride TiF4 and HIO4 acid were used as antecedents
for the TiO2 precursor and iodine dopant to synthesize
Tia(IO4)bFc intermediate compounds. In a typical synthesis
procedure, TiF4 powder precursor was dissolved into an
aqueous solution of 1 M HIO4, followed by hydrothermal
treatment in a Teflon-lined autoclave at 180◦C for 12 h
[18]. Iodine-doped mesoporous titania with a bicrystalline
(anatase and rutile) framework was synthesized by a two-
step hydrothermal synthesis process using a block copoly-
mer as a template from Ti[OCH(CH3)2]4 and iodic acid
[19]; the anatase crystalline phase and mesoporous struc-
ture were synthesized by means of a simple triblock co-
polymer-mediated sol-gel method at the low temperature of
120◦C [20]. Nanocrystalline I–F-codoped TiO2 was prepared
by a sol-gel-impregnation method, using tetrabutylorthoti-
tanate in a mixed NH4I–NH4F aqueous solution. The
photocatalytic activity of as-prepared I–F-codoped TiO2 was
remarkably higher than that of pure, I-doped, and F-doped
TiO2 [21].

Other works have reported on TiO2 codoped with cerium
and iodine [22], gallium and iodine [23], and neodymium
and iodine [24]. This work focuses on the structure, mor-
phology, and photocatalytic performance of pure TiO2 and
IO3

−-doped TiO2 nanoparticles. The high activity of IO3
−-

doped TiO2 is strongly dependent on the size, shape, surface
area, formation mixed phases, and distribution of iodine
nanoparticles on titanium surfaces [25].

The objective of this paper is to report on the influence of
the incorporation of iodine into monodispersed spindle-like
anatase particles. Eight samples labeled as TiP I01–TiP I70
were prepared using a very simple thermal hydrolysis of
aqueous solution of KI and a titanium peroxo-complex.
The procedure avoids using expensive and unstable Ti raw
materials. All yet reported I-doped titania specimens have
been prepared from Ti-alkoxides, [5, 14, 15, 19, 20] or TiF4,
or they have employed hydrothermal reaction [26]. These
studies introduced and described that catalyst. The novelty
of our work is actually a synthesis method avoiding the
alkoxides in aim to meet economical and ecological require-
ments for possible wide-scale production. The photocatalytic
activity of the as-prepared doped titania was assessed by the

photocatalytic decomposition of Orange II dye in an aqueous
slurry under irradiation at wavelengths of 365 and 400 nm.

2. Synthesis of I-Doped Titania

All chemicals used titanium oxo-sulphate (TiOSO4), potas-
sium iodide (KI), ammonium hydroxide (NH4OH), and hy-
drogen peroxide (H2O2) were of analytical grade and were
supplied by a Sigma-Aldrich Ltd (Czech republic).

In a typical experiment, 100 mL 1.6 M solution of tita-
nium oxo-sulphate was diluted with distilled water to volume
2 L and hydrolyzed by the slow addition of ammonium
hydroxide solution (10%) under constant stirring at a
temperature of 0◦C an ice bath, until the reaction mixture
reached pH 8.0. The obtained white precipitate was separated
by filtration and washed with distilled water until it was free
of sulphate ions (confirmed by the BaCl2 test). The obtained
wet precipitate was mixed with 100 mL of a 30% hydrogen
peroxide solution that produced a homogeneous yellow
gelatinous mass. That mass was subsequently mixed with
defined amount of potassium iodide KI which was added.
(see Table 1 for the stoichiometry). The yellow gelatinous
mass changed color to dark orange. The reaction mixture
was refluxed in a round-bottom flask on a heating mantle.
During the heating, a yellowish white precipitate was formed.
Refluxing continued till the color of the precipitate changed
to white, that is, for 36 hours. The obtained doped titania was
air-dried at 105◦C.

3. Characterization Methods

Diffraction patterns were collected with diffractometer
PANalytical X’Pert PRO equipped with a conventional X-
ray tube (Cu Kα radiation, 40 kV, 30 mA) and a linear
position sensitive detector PIXcel with an antiscatter shield.
A programmable divergence slit set to a fixed value of 0.5
degrees, Soller slits of 0.02 rad, and a mask of 15 mm were
used in the primary beam. A programmable antiscatter slit
set to a fixed value of 0.5 degrees, Soller slit of 0.02 rad, and a
Ni beta-filter were used in the diffracted beam. A qualitative
analysis was performed with the DiffracPlus Eva software
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package (Bruker AXS, Germany) using the JCPDS PDF-2
database [27]. For a quantitative analysis of XRD patterns, we
used Diffrac-Plus Topas (Bruker AXS, Germany, version 4.1)
with structural models based on an ICSD database [28]. This
program makes it possible to estimate the weight fractions of
crystalline phases and mean coherence length by following of
Rietveld refinement procedure.

The specific surface areas of samples were determined
from nitrogen adsorption-desorption isotherms at a liquid
nitrogen temperature using a Coulter SA3100 instrument
with outgas 15 min at 150◦C. The Brunauer-Emmett-Teller
(BET) method was used for the surface area calculation [29]
and the pore size distribution (pore diameter, pore volume,
and micropore surface area of the samples) was determined
by the Barrett-Joyner-Halenda (BJH) method [30].

The morphology of sample powders was inspected by
transmission electron microscopy (TEM), and the crystal
structure was analyzed by electron diffraction (ED) using a
200 kV TEM microscope JEOL 2010F and 300 kV JEOL 3010.
As specimen support for TEM investigations, a microscopic
copper grid covered by a thin transparent carbon film was
used. Both samples were studied in a bright field and by
electron diffraction with a selecting aperture (SAED) mode
at an acceleration voltage of 200 kV.

Diffuse reflectance UV/VIS spectra for the evaluation
of photophysical properties were recorded in the diffuse
reflectance mode (R) and transformed to absorption spectra
through the Kubelka-Munk function [31]. A Perkin Elmer
Lambda 35 spectrometer equipped with a Labsphere RSAPE-
20 integration sphere with BaSO4 as a standard was used.

Raman spectra were obtained with a DXR Raman
Microscope (Thermo Scientific, USA). A 532 nm laser was
used at a power of 3 mW. Powdered samples were scanned
at a 15-point mapping mode under a 10x objective in an
automated autofocus mode.

Infrared spectra were recorded using a Thermo-Nicolet
Nexus 670 FT-IR spectrometer approximately in the region
4000–500 and 500–50 cm−1, respectively, with a single-re-
flection horizontal accessory on a Si crystal. The samples
were pressed into KBr pellets at ambient conditions and
measured in the transmission mode.

XPS high vacuum chamber was equipped with SPECS
X-Ray XR50 (Al cathode 1486.6 eV) and SPECS PHOIBOS
100 Hemispheric Analyzer with 5-channels detector. The
XPS spectra were taken in position perpendicular to sample
surface. The XPS chamber was connected to process chamber
for ion etching and surface modifications. Background pres-
sure in XPS was under 4.0E−9 mbar. XPS survey-scan spectra
were made at pass energy of 40 eV; the energy resolution was
set to 0.5 eV. The atomic concentration of compounds was
calculated with RSF defined in standard table of CasaXPS.

XPS apparatus was equipped with SPECS X-Ray XR50
(Al cathode 1486.6 eV) and SPECS PHOIBOS 100 Hemi-
spheric Analyzer with 5-channels detector. A background
pressure in XPS during the measurements was under 2
× 10−8 mbar. XPS survey-scan spectra were made at pass
energy of 40 eV; the energy resolution was set to 0.5 eV, while
individual high-resolution spectra were taken at pass energy
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Figure 1: XRD patterns of iodine-doped TiO2.

of 10 eV with 0.05 eV energy steps. A software tool CasaXPS
was used to fit high-resolution multicomponents peaks. The
proper surface charge compensation was done by fitting
C–C, C–H component of C 1s peak to reference-binding
energy 284.5 eV. The atomic concentration of compounds
was evaluated with relative sensitivity factors (RSF) defined
in standard table of CasaXPS software.

Photocatalytic activity of samples was assessed from the
kinetics of the photocatalytic degradation of 0.02 M Or-
ange II dye (sodium salt 4-[(2-hydroxy-1-naphtenyl)azo]-
benzene- sulfonic acid) in aqueous slurries. The azo-dyes
(Orange II, Methyl Red, Congo Red, etc.) are not absorbed
on titania surfaces in contrast to methylene blue. For azo-
dye degradation, the complete mass balance in nitrogen
indicated that the central –N=N– azo-group was converted
in gaseous dinitrogen, which is ideal for the elimination of
nitrogen-containing pollutants, not only for environmental
photocatalysis but also for any physicochemical method [32].
Direct photolysis employing artificial UV light or a solar
energy source cannot mineralize Orange II [33]. Kinetics
of the photocatalytic degradation of aqueous Orange II dye
solution was measured by using a self-constructed photore-
actor [34] which consists of a stainless steel cover and quartz
tube with fluorescent lamp Narva with 13 W power and
light intensity of∼3.5 mWcm−2. Black light (365 nm) for UV
and warm white (above 400 nm) for visible light irradiation
were used. An Orange II dye solution was circulated by
means of a membrane pump through a flow cuvette. The
concentration of Orange II dye was determined by measuring
absorbance at the 480 nm with VIS spectrophotometer
ColorQuestXE. A 0.5 g sample of titania was sonicated for
10 min with an ultrasonic bath (300 W, 35 kHz) before the
kinetic experiments. The pH of the resulting suspension was
taken as the initial value for neutral conditions and under the
experiment was kept at the value 7.0.
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Figure 2: BJH pore size distribution plots of desorption pore area versus pore radius, (a) TiP I01, (b) TiP I05, (c) TiP I07, (d) TiP I10, (e)
TiP I50, and (f) TiP I70. Inset is the hysteresis loop.



International Journal of Photoenergy 5

200 400 600 800

0

0.2

0.4

0.6

0.8

1
10

6

63
8

51
5

39
9

14
3

N
or

m
al

iz
ed

pe
ak

am
pl

it
u

de

Raman shift (cm−1)

TiP I01
TiP I03
TiP I05
TiP I07

TiP I10
TiP I30
TiP I50
TiP I70

Figure 3: Raman spectra of iodine-doped TiO2 and reference
sample P25.

TiP I01
TiP I03
TiP I05
TiP I07

TiP I10
TiP I30
TiP I50
TiP I70

4000 3500 3000 2500 2000 1500 1000 500
0

10

20

30

40

50

60

70

80

13
85

16
25

Tr
an

sm
it

ta
n

ce
(%

)

Wavenumbers (cm−1)

Figure 4: Infrared spectra of iodine-doped TiO2.

4. Results and Discussions

The XRD patterns of the Ge4+-doped titania samples are
shown in Figure 1. Only the diffraction lines of anatase
(ICDD PDF 21–1272) can be seen. The substitution of I5+

for Ti4+ is possible, because they have respective ionic radii
of 0.0620 [35] and 0.0605 [36] nm for I5+ and Ti4+. The
crystallite size calculated by Rietveld refinement is presented
in Table 1.

The specific surface area of the as-prepared samples, cal-
culated according to the multipoint Brunauer-Emmett-Teller
(BET) method, total pore volume, micropore surface area,

and micropore volume is listed in Table 1. The Barrett-
Joyner-Halenda (BJH) pore-size distribution plot and nitro-
gen adsorption/desorption isotherms of as-prepared samples
are shown in Figure 2 (inset). According to the IUPAC no-
tation [37], microporous materials have pore diameters of
less than 2 nm, and macroporous materials have pore diam-
eters of greater than 50 nm; the mesoporous category thus
lies in the middle. The mean pore size of all samples, except
the sample denoted Ti I7, is around ∼15–20 nm, the pore
size distribution being relatively narrow. The sample Ti I7
have porosity on the edge of mesoporous and microporous
textures or about ∼3 nm. The all samples have a type IV
isotherm, since it is characteristic of mesoporous material
with type a H2 hysteresis, since it is a characteristic of
large-pore mesoporous materials and can be ascribed to
capillary condensation in mesopores. The high steepness of
the hysteresis indicates the high order of mesoporosity. All
samples are characteristic of the Type A hysteresis loop
according to Bore’s characterization [38]. This hysteresis type
is connected with pores in the form of capillary tubes (open
at both ends), wide ink-bootle like pores and wedge-shaped
capillaries. In addition, the sample containing Ti I01, Ti I03,
Ti I05, Ti I07, and Ti I70 also has a microporous texture and
have micropore surface area between ∼2–12 m2 g−1.

The Raman spectra of series samples Ti I and P25 se-
lected as a reference, is presented in Figure 3. The specific
vibration modes are located at 143 cm−1 (Eg), 399 cm−1

(B1g), 515 cm−1 (B1g + A1g), and 638 cm−1 (Eg), indicating
the presence of the anatase phase in all of these samples.
It has been shown that the Raman-active mode change is
quite sensitive to the configurations of dopant, in which I–
O–I bonds incorporated in a Ti–O–Ti network can cause a
shift of Eg modes only at 143 and 640 cm−1 towards higher
wavenumbers [19], while I–O–Ti bonds can generate two
new active modes in anatase TiO2 at 182 and 192 cm−1 [18].

Compared to P25, there is not a notable shift to higher
wavenumbers for the two mentioned Raman peaks of TiP I
of Eg modes at 144 and 640 cm−1, but the Raman peaks
are much broader for I-doped nanocrystal titania samples.
Two factors, including size effect and doping and the shift
and broadening of Raman peaks, should be considered. As
expected from the confinement theory, all peaks get narrower
as the crystallite size increases [39], and the Raman band shift
and broadening are attributed to the effects of decreasing
particle size [40]. The effect of broadening compared to the
particle size of P25 [41] in the spectra of I-doped titania
nanoparticles has been observed, and it was suggested that
broadening the Raman spectra of titania could be not caused
by the effect of particle size on the force constants and vi-
brational amplitudes. For this reason, the Raman peaks are
probably broadened for the iodine-doped TiO2 with respect
to the compared sample P25. The sample denoted Ti I70
with the content of 0.72 wt.% of iodine has a small peak at
106 cm−1, which can be assigned to vibration mode of iodine
A1g [35] in interstitial sites or surface of titania.

Figure 4 show the IR spectrum of the iodine-doped
titania prepared by thermal hydrolysis of titania peroxo-
complexes. The broad absorption peaks about 3400 cm−1
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Figure 5: XPS survey spectrum (a) and high-resolution scan over I 3d (b) of samples TiP I50 and TiP I70.

and the band at 1625 cm−1 correspond to surface absorbed
water and the hydroxyl groups [42]. Both observed peaks are
recognized as an important factor affecting photocatalytic
activity [43]. The small peak at ∼1380 cm−1 can be assigned
to surface carbonates formed by adsorption of atmospheric
CO2 [44]. Low-frequency bands in the range <500 cm−1

correspond to the Ti–O–Ti vibration of the network [45]. No
other peaks are identified; therefore, the iodine atoms could
substitute Ti atoms in all series TiP I samples.

The XPS spectra (Figure 5(a)) for the sample denoted
as TiP I50 and TiP I70 show peaks of binding energy for
Ti 2p, I 3s, I 3d, O 1s C 1s, and K 2p. To investigate the
chemical states of titanium and iodine, we analyzed the high-
resolution XPS spectra of Ti 2p I 3s and I 3d, and the results
are shown in Figure 5(b). There are doublet peaks of I 3d
observed at the binding energy around 618.5 and 623.7 eV.
According to recent published papers, [15, 46], the peak of I
3d5/2 at 623.7 eV can be attributed to I5+ allowing replacing
Ti4+ in TiO2 matrix. The other peak detected at 618.5 eV may
be originated from I− species, in agreement with the results
reported by Su et al. [16]. The occurrence of potassium is
caused by input KI, and carbon contamination is from the
atmosphere and are very low.

TEM images of iodine-doped titania nanocrystals incor-
porated into anatase particles are shown in Figure 6. The
aspect ratio of anatase particles decreased gradually with
the addition of iodine, which changes the morphology of
the particles from spindle shaped to rectangular or square
shaped particles. The interlayer spacing d101 of the anatase
are extended due to incorporation of iodine atoms. The all
interlayer spacing presented in Figure 6 have value about
∼0.36 nm and correspond to crystal faces (101). However,
on the basis of the geometries of anatase TiO2, (101) should
consist of the end surface of the rods [47] and the lateral
surface should be (010) [48, 49]. On the basis of detail from

high-resolution transmission electron microscopy (HRTEM)
of nondoped anatase presented in Figure 7(a), they have
lattice spacing d101 = 0.35 and d002 = 0.48 nm. The
doped anatase nanocrystals show lattice spacings of d101 =
0.36 nm for the (101) plane, d100 = 0.38 nm for the (100)
plane, and d002 = 0.48 nm for the (002) plane determined
using FFT transformation (see Figure 7(b)). This result
indicates that the basal plane of the spindle-like anatase
nanocrystals corresponds to the (010) plane that is vertical
to the (010) direction [50]. This result suggested that these
anatase nanocrystals have a large aspect ratio of width to
thickness and the anatase nanocrystals are extended due to
incorporation of iodine atoms, or by formation of lattice
vacancies related to iodine incorporation to the structure.
With the increasing amount of dopant leads to increase in
area (010) surfaces at the expense (101) and (10-1) and thus
changes the morphology of the anatase crystal.

The HRTEM images show very clearly the crystalline ma-
terials, which contain no amorphous domains. The absence
of amorphous domains is an essential prerequisite for good
photocatalytic properties. The selected area electron dif-
fraction patterns (SAED), presented in Figure 8, analyzed by
the Process Diffraction program confirmed that the structure
of all samples is anatase (ICDD PDF 21–1272).

Figure 9 presents UV/vis absorption spectra of the
iodine-doped TiO2. Compared with pure titania, the absorp-
tion edges of the iodine-doped titania samples are red-shift-
ed; the absorption tail extends to ∼600–700 nm, as Figure 9
shows. The red shift of the absorption edge implied a de-
crease in the band gap energy. It is clear that doping led to
a modification of the electronic structure around the con-
duction band edge of TiO2, resulting in band gap narrowing.
With the increasing content of iodine, the prepared samples
acquire a yellowish tinge, while the sample marked TiP 70 is
pale yellow.
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Figure 6: TEM images of iodine doped TiO2 (a) TiP I03, (b) TiP I05, (c) TiP I10, and (d) TiP I30.
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Figure 8: SAED images of iodine-doped TiO2 (a) TiP I03, (b) TiP I05, (c) TiP I10, and (d) TiP I30.
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Figure 9: UV/Vis absorption spectra of the iodine-doped TiO2.
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Figure 10: Band-gap energy of the iodine-doped TiO2.

The diffuse reflectance spectra were transformed by per-
forming a Kubelka-Munk transformation of the measured
reflectance according to

A(R) = (1− R)2
2R

, (1)

where R is the reflectance of the “infinitely thick” layer of the
solid [51].

The method of UV/VIS diffuse reflectance spectroscopy
was used to estimate band-gap energies of the iodine-doped
TiO2 samples. To establish the type of band-to-band tran-
sition in these synthesized particles, the absorption data
were fitted to equations for direct band-gap transitions.
The minimum wavelength required to promote an electron
depends upon band-gap energy Ebg which is commonly
estimated from UV-Vis absorption spectra by the linear
extrapolation of the absorption coefficient to zero using

α(hν) = A
(
hν− Ebg

)
n, (2)

where A is the absorption according to (2), B is absorption
coefficient, and hν is the photon energy in eV calculated from
the wavelength λ in nm [52, 53]

hν = 1239
λ

. (3)

Should fundamental absorption of the titania crystal possess
an indirect transition between bands, then n = 2 is for the
direct transition between bands n = 1/2 [54, 55]. The energy
of the band gap is calculated by extrapolating a straight line
to the abscissa axis, when α is zero, then Ebg = hv [56].
Figure 10 shows (Ahν)2 versus photon energy for a direct
band-gap transition. The resulting extrapolated values of Ebg

for the indirect transitions are listed in Table 2. The value
of 3.20 eV for the iodine-free sample denoted as Ti I0 is
reported in the literature for pure anatase nanoparticles [55,
57]. The value of band-gap energy decreases by increasing
the content of iodine dopant.

According to the degradation pathway proposed by [58],
the main byproducts formed by the ozonation of azo-dye
are organic acids, aldehydes, ketones, and carbon dioxide.
Demirev and Nenov, [59] have suggested that the eventual
degradation products of azo dye in the ozonation system
would be acetic, formic and oxalic acids. The reaction path-
way for the visible light-driven photocatalytic degradation of
Orange II dye in aqueous TiO2 suspensions is schematically
shown in [60].

On the kinetics of heterogeneous photocatalysis for de-
composition of model compounds such as dyes Orange II
can be used the Langmiur-Hinshelwood equation [61, 62]:

r = −d [OII]
dt

= − kr · K · [OII]
1

+ K · [OII], (4)

where r is the degree of dye mineralization, kr the rate con-
stant, t the illumination time, K the adsorption coefficient
of the dye, and [OII] the dye concentration. At a very low
concentration of the dye, in the validity of Lambert-Beer Law
[63]:

A = ε · c · l, (5)

where A is the absorbance, c the dye concentration, l the
length of the absorbent layer and ε is the molar absorption
coefficient, which can simplify (4) to the first-order kinetic
equation:

ln

(
[OII]
[OII]0

)
+ K([OII]− [OII]0) = −kr · K · t, (6)



10 International Journal of Photoenergy

0 20 40 60 80

0

0.2

0.4

0.6

0.8

1
C

/C
o

Time (min)

TiP I01
TiP I03
TiP I05
TiP I07

TiP I10
TiP I30
TiP I50
TiP I70

(a)

0 20 40 60 80

0.4

0.6

0.8

1

C
/C

o

Time (min)

TiP I01
TiP I03
TiP I05
TiP I07

TiP I10
TiP I30
TiP I50
TiP I70

(b)

Figure 11: Photocatalytic degradation of Orange II dye (a) 365 nm, (b) above 400 nm.

and after integration:

[OII] = [OII]0 · EXP(−k · t); (k1 = kr · K). (7)

The calculated degradation rate constants k (min−1) are
shown in Table 2 and the kinetics of degradation of Orange
II dye at 365 nm (Black light) and 400 nm (Warm white) on
samples TiI 01-TiI 70 are illustrated in Figure 11. Photocat-
alytic activity in the UV region is dependent on iodine con-
tent and increases with its concentration. The sample marked
Ti I30, which contains∼0.2 wt.% of iodine shows the highest
photocatalytic activity with rate constant k = 0.08513 min−1.
The photocatalytic efficiency of iodine doped TiO2 is twice
good as Mo- [64] doped titania (k = 0.0461 min−1), the same
as Ta-doped titania (k = 0.0829 min−1) and less then Nb-
doped titania (k = 0.257 min−1) [65] prepared with the same
method. Compared with the P25 (k = 0.047 min−1) [66] is I-
doped twice higher.

As indicated in Table 2, the nondoped anatase (sample
TiP I00) exhibits very low visible-light photocatalytic activ-
ity for the degradation of Orange II dye. The low photo-
catalytic activity of titania in the visible region is caused by
an excessively high band-gap energy of pure anatase (3.2 eV,
λbg = 388 nm). All prepared I-doped samples have higher
activity than the nondoped sample (TiP I00) in irradiation
by visible light, which can be actually attributed to the lower
band-gap energy (see Table 2). The photocatalytic efficiency
in the visible light area is best for the sample denoted TiP I07
(k = 0.00859 min−1) and is comparable with Mo- (k =
0.0096 min−1) and Nb- (k = 0.0090 min−1) or the Ta- (k =
0.0070 min−1) doped titania.

Nonmetal cationic doping is a feasible strategy for de-
veloping highly efficient UV and visible-light responsive
photocatalysts. Doping of halogen atoms was found to be

Table 2: Band-gap energy and rate constant k1 of I-doped titania.

Sample Ebg[eV] k OII 365 nm [min−1] k OII 400 nm [min−1]

TiP I01 3.20 0.03363 0.00315

TiP I03 3.10 0.01297 0.00219

TiP I05 3.10 0.01905 0.00311

TiP I07 3.10 0.04244 0.00859

TiP I10 3.05 0.05286 0.00757

TiP I30 3.00 0.08513 0.00731

TiP I50 2.90 0.05604 0.00591

TiP I70 1.90 0.03746 0.00335

effective, because the impurity states of halogen ions are near
the valence band edge, but they do not act as charge carriers,
and their role as recombination centers might be minimized
compared to metal cation doping [67].

Figure 12(a) depicts the dependence of the rate constant
of dye degradation on the molar amount of iodine obtained
from the EDX analysis. The highest rate constant at UV
light (365 nm) is observed in sample TiP I30 with 0.20 wt.%
of iodine, which correspond to significant change of cell
parameters (Figure 12(b))—the increase of cell parameter a
and parallel decrease of cell parameter c. The sample TiP I07
with 0.32 wt.% of iodine exhibit the highest rate constant at a
light wavelength above 400 nm. This increase of rate constant
is accompanied with a change of cell parameters in the
opposite way (i.e., lowering of cell parameter a, increasing
of cell parameter, b) to the sample TiP I30 with highest rate
constant in UV light. At this point, increased absorbance
of visible light (see Figure 12(c)) also corresponds to the
higher photocatalytic activity by visible light illumination.
During the final stage, where the amount of iodine gets



International Journal of Photoenergy 11

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

k
(m

in
−1

)

k at 365 nm
k above 400 nm

k
(m

in
−1

)

I (wt.%)

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

3.9872

3.9874

3.9876

3.9878

3.988

3.9882

3.9884

3.9886

3.9888

3.989

3.9892

9.982

9.983

9.984

9.985

9.986

9.987

9.988

9.989

C
el

lp
ar

am
et

er
c

[Å
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[Å
]

a

I (wt.%)

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

0.1

0.2

0.3

0.4

0.5

0.6

A
bs

or
ba

n
ce

45
0

n
m

I (wt.%)

(c)

Figure 12: Dependence of the content of I dopant [wt %] of (a) rate constant k, (b) cell parameters a and c, and (c) absorbance at 450 nm.

higher rapid changes of cell parameters and growth of visible
light absorbance connected with decrease of photoactivity in
both, UV and visible light regions are seen.

5. Conclusion

The doped titania samples were prepared from aqueous so-
lutions by thermal hydrolysis of KI and Ti peroxo-complexes.
The thermal hydrolysis of a peroxo-complex has one great
advantage over other reaction processes, namely, that the
reaction takes place in a one-step process and the byproduct
is pure water. Another great advantage of this procedure
could be its easy transfer to low-cost manufacture of a pho-
tocatalytic pigment. The prepared monodispersed particles
have a mesoporous character with a pore size distribution
of 10–20 nm. Incorporation of iodine ions into the crystal
lattice of anatase TiO2 changes the morphology of particles
from spindle shaped to rectangular or those square. Struc-
tural investigation on the basis of X-ray diffraction as well as
SAED in high-resolution transmission electron microscopy
confirms a well-developed crystal structure with an interlayer

distance d101 = 0.354–0.360 nm, which indicates crystal
lattice expansion due to the incorporation of iodine dopants.
The iodine addition increases the photocatalytic activity of
titania in the visible light region.
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Lang, “Visible-light photocatalytic activity of TiO2/ZnS nano-
composites prepared by homogeneous hydrolysis,” Microp-
orous and Mesoporous Materials, vol. 110, no. 2-3, pp. 370–378,
2008.

[67] H. Wang and J. P. Lewis, “Second-generation photocatalytic
materials: anion-doped TiO2,” Journal of Physics Condensed
Matter, vol. 18, no. 2, pp. 421–434, 2006.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Inorganic Chemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal ofPhotoenergy

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Carbohydrate 
Chemistry

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Physical Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com

 Analytical Methods 
in Chemistry

Journal of

Volume 2014

Bioinorganic Chemistry 
and Applications
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Spectroscopy
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Medicinal Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Chromatography  
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Applied Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Theoretical Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Spectroscopy

Analytical Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Quantum Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Organic Chemistry 
International

Electrochemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Catalysts
Journal of


