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Highly photoactive Ga3+-doped anatase modification of titania was prepared by homogeneous hydrolysis of aqueous solutions
mixture of titanium oxo-sulphate TiOSO

4
and gallium(III) nitrate with urea. Incorporation of Ga3+ into the anatase lattice has a

clear positive effect on the photocatalytic activity under UV and Vis light irradiation up to a certain extent of Ga. Ga3+ doping
decreased the size of the crystallites, increased surface area, and affected texture of the samples. Higher amount of gallium leads
to the formation of a nondiffractive phase, probably photocatalytically inactive. The titania sample with 2.18 wt.% Ge3+ had the
highest activity during the photocatalysed degradation in the UV and visible light regions; the total bleaching of dye Orange II was
achieved within 29 minutes. Ga concentration larger than 5% (up to 15%) significantly inhibited the growth of the anatase crystal
domains which formed the nondiffractive phase content and led to remarkable worsening of the photobleaching efficiency.

1. Introduction

Nowadays, attempts by numerous synthesis chemists are
focused on the increase of the photocatalytic activity of
titanium dioxide so it can be commercially used for various
applications, such as self-cleaning coating and air and water
purifiers. An important factor for the commercial use of
TiO
2
as photocatalyst is its low cost. The photocatalysts

performance can be improved basically in twoways. Firstly by
ion doping to change the electronic structure or by finding a
suitable compromise betweenmorphology, structural param-
eters, and texture of photocatalyst because, for instance, shape
of particles and their size fundamentally affect photocatalytic
properties. Optimal particle size for photocatalytic applica-
tions lies somewhere around 40–80 nm. Too small particles
(below 20 nm) [1] or vice versa too large particles (>100 nm)
[2] have lower activity. Last but not least the crystallinity of
particles plays an important role, because the high content

of the amorphous domains has detrimental effect on the
performance.

The textural parameters, that is, a porosity of the sample,
influence photocatalytic activity much more than its sur-
face area, as could be implicated for instance from meso-
porous TiO

2
samples prepared by homogeneous hydroly-

sis of titanyl sulphate TiOSO
4
with urea in the presence

of anionic and cationic surfactants hexadecyltrimethylam-
monium bromide C

16
H
33
N(CH

3
)
3
Br (CTAB) and sodium

dodecylbenzene sulphonate C
18
H
29
NaSO

3
(SDBS) [3]. The

surfactants changes morphology and texture of titania: the
original spherical agglomerates are disintegrated and open
structures resembling clusters of corals are formed instead.
Their maximum pore size is up to 10 nm depending on
the surfactant concentration. The other way to increase the
efficiency of photocatalysis is an extension of photocatalyst
light absorption to the visible range, that is, 𝜆 > 400 nm.
Highly desirable is substitution into the crystal lattice of TiO

2
.
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Depending on the nature of the element two major types
of dopants, P-type and N-type, can be discerned. A P-type
doping is achieved by incorporating the cation of valency
lower than Ti4+; these include In3+ [4], Al3+, Cr3+, Ga3+, La3+,
and Y3+ [5], whilst dopants of N-type are cations of a valency
higher than 4, for example, Nb5+, Ta5+ [6], Sb5+, W5+ [7],
and Mo6+ [8]. The main goal of doping is a bathochromic
shift, moving an absorption edge from the UV to the visible
light area, thus reducing the band gap. Besides the band gap
narrowing, further inner layers in a restricted zone can be
incorporated, also allowing the absorption of visible light.

Banerjee et al. [9] reported on the oxidation of organic
dye (Rhodamine B) into nontoxic inorganic products under
UV irradiation using a Ga-doped TiO

2
synthesised by sol-

gel technique. Pure TiO
2
, single-doped, and Ga+N codoped

titania nanoparticles were successfully prepared by sol-gel
method. Detailed analysis showed that the resulting TiO

2

has the anatase structure. Nitrogen and gallium atoms were
incorporated into the titanium dioxide lattice and the Ga+N
codoped TiO

2
exhibited the highest absorption of visible

light [10]. Anatase-type titania nanoparticles codoped with
niobium and gallium (Ga

𝑋
Ti
1−2𝑋

Nb
𝑋
O
2
solid solutions in

the range of 𝑋 = 0–0.20) were formed from precursor solu-
tions of TiOSO

4
, NbCl

5
, and Ga(NO

3
)
3
under hydrothermal

conditions at 180∘C for 5 h using the hydrolysis of urea.
The effect of dopant materials on the structure, crystallite
growth, photocatalytic activity, and phase stability of anatase-
type TiO

2
was investigated. The lattice parameters 𝑎

0
and 𝑐
0

of anatase slightly and gradually increased with increase in
niobium and gallium content doped into TiO

2
[11]. Iodine-

doped titania photocatalysts were improved by doping with
gallium and the resulting physicochemical properties and
photocatalytic activity were investigated. Gallium ions played
a decisive role in retarding the anatase-rutile phase trans-
formation, extending the absorption spectrum and creating
oxygen vacancies for photoelectron trapping to prevent the
e− − h+ recombination process [12]. Copper- and gallium-
doped titania photocatalysts prepared by means of sol-gel
technique and analysed by XRD were found to contain
specific crystalline phases of anatase, 𝛽-Ga

2
O
3,
and Cu

2
O,

which allowed inferring on the doping phenomena of both
transition and posttransition metals [13].

In this work, we present preparation of Ga3+ substitu-
tionally doped titania, nanostructured materials with high
photocatalytic activity, obtained by homogeneous hydrolysis
of TiOSO

4
and Ga(NO

3
)
3
with urea.The samples were tested

successfully for photocatalytic degradation of Orange II dye
in an aqueous slurry under irradiation at wavelengths of
365 nm and >400 nm.

2. Experimental Section

2.1. Preparation of Samples. All chemical reagents used in
the present experiments were obtained from commercial
sources andwere used without further purification. Titanium
oxo-sulphate TiOSO

4
, urea CO(NH

2
)
2,
and metal Ga were

supplied by Sigma-Aldrich, Czech Republic. The gallium(III)
nitrate Ga(NO

3
)
3
was prepared by a stoichiometric reaction

of metal Ga and nitric acid HNO
3.
Homogeneous hydrolysis

of TiOSO
4
and Ga(NO

3
)
3
in aqueous solutions with urea as a

precipitation agent was used for doped titania preparation. In
a typical process, a predefined amount of TiOSO

4
(see Table

1) was dissolved in 100mL of hot distilled water acidified
with 98% H

2
SO
4
. The pellucid liquid was diluted into 4 L of

distilled water, added defined amount of Ga(NO
3
)
3
and 300 g

of urea. The mixture was heated at 98∘C under stirring for
6 h until pH reached 7.2. The formed precipitate was washed
using decantation until conductivity of 10𝜇S was reached,
filtered off, and dried at 105∘C. Eight Ga3+ doped titania
samples denoted as TiGa001, TiGa005, TiGa010, TiGa020,
TiGa050, TiGa080, TiGa100, and TiGa120 were prepared.

2.2. Characterisation Methods. Diffraction patterns were
collected with a diffractometer PANalytical X’Pert PRO
equipped with a conventional X-ray tube (Cu K𝛼 radiation,
40 kV, 30mA) and a linear position sensitive detector PIXcel
with an antiscatter shield. A programmable divergence slit set
to a fixed value of 0.5 deg, Soller slits of 0.02 rad, and mask
of 15mm were used in the primary beam. A programmable
antiscatter slit set to fixed value of 0.5 deg, Soller slit of 0.02
rad, and Ni beta-filter were used in the diffracted beam.
Qualitative analysis was performed with the DiffracPlus
Eva software package (Bruker AXS, Germany) using the
JCPDS PDF-2 database [14]. For quantitative analysis of XRD
patterns Diffrac-Plus Topas (Bruker AXS, Germany, version
4.1) with structural models based on ICSD database [15]
was used for Rietveld refinement. This program permits to
estimate the weight fractions of crystalline phases and mean
coherence length bymeans of Rietveld refinement procedure.
The internal standard addition method with rutile (10 wt.%)
was used for nondiffractive phase determination [16].

Rietveld refinement is based on a full-profile fitting of
XRD pattern to calculated diffraction patterns of individ-
ual mineral phases. The presence of “amorphous” (=non-
diffracting) components is determined from the misfit of
the percentage of the internal standard retrieved by the
refinement and the real percentage in the mixture (the
larger the content of nondiffracting components, the more
the calculated internal standard percentage exceeds the real
percentage in the analysed mixture).

The surface areas of samples were determined from
nitrogen adsorption-desorption isotherms at liquid nitrogen
temperature using a Coulter SA3100 instrument with 15min
outgas at 150∘C.The Brunauer-Emmett-Teller (BET) method
was used for surface area calculation [17]; the pore size
distribution (pore diameter, pore volume, and micropore
surface area of the samples) was determined by the Barrett-
Joyner-Halenda (BJH) method [18].

Scanning electron microscopy was performed with JEOL
JSM-6510 equipped with an energy dispersive X-ray spec-
trometer (EDS). Specimens for morphological investigations
were prepared by droplet evaporation of samples dispersion
on a carbon-supported SEM target.The specimens have been
imaged in the low-vacuum mode using accelerating voltage
of 30 kV.
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The Raman spectra were acquired with DXR Raman
microscope (Thermo Scientific) with 532 nm (6mW) laser;
32 two-second scans were accumulated with laser 532 nm
(6mW) under 10x objective of Olympus microscope.

Infrared spectra were recorded using a Nicolet Impact
400D spectrometer over the range of approximately 4000–
500 cm−1 equipped with a DRIFT cell (500 scans, resolution
4 cm−1).

A Perkin Elmer Lambda 35 spectrometer equipped with
a Labsphere RSAPE-20 integration sphere with BaSO

4
as a

standard was used for the diffuse reflectance UV/Vis spectra.
The spectra were recorded in the diffuse reflectance mode
and transformed to absorption spectra through the Kubelka-
Munk function [19, 20]:

𝑓 (𝑅) =
(1 − 𝑅)

2

2𝑅

, (1)

where 𝑓(𝑅) is absorbance and 𝑅 is the reflectance of an
“infinitely thick” layer of the solid.

The XPS apparatus was equipped with a SPECS X-Ray
XR50 (Al cathode 1486.6 eV) and SPECS PHOIBOS 100
Hemispheric Analyzer with a 5-channel detector. A back-
ground pressure in XPS during the measurements was under
2 × 10

−8mbar. XPS survey-scan spectra were made at 40 eV
pass energy; the energy resolution was set to 0.5 eV. While
individual high-resolution spectra were taken at 10 eV pass
energy with 0.05 eV energy steps. A software tool CasaXPS
was used to fit the high-resolution multicomponent peaks.
The proper surface charge compensation was done by fitting
C–C, C–H component of C 1 s peak to reference binding
energy 284.5 eV.The atomic concentration of compoundswas
evaluated with relative sensitivity factors (RSF) defined in the
standard table of the CasaXPS software.

2.3. Photocatalytic Activity Tests. Photocatalytic activity
of samples was assessed from the photobleaching kinet-
ics of Orange II dye (sodium salt of 4-[(2-hydroxy-1-
naphthenyl)azo]-benzene sulphonic acid) in 1000mL of
aqueous slurries using a self-constructed photoreactor [21]. It
consists of a stainless steel cover and an inner quartz tubewith
a fluorescent lamp (Narva) with power of 13W producing a
light intensity of ∼3.5mW/cm2. We used either a lamp with a
commercial name “Black Light” (365 nm) or “Warm White”
(emission spectrum > 400 nm).The emission spectra of both
sources were shown in [22]. A portion of 0.5 g photocatalyst
was dispersed in an ultrasonic bath (300W, 35 kHz) for
10min before kinetic tests; the actual way of dispersing the
oxide plays a crucial role in obtaining reproducible results of
the kinetic tests. The pH was kept at a value of 7.0. Orange
II dye solution was circulated by means of a membrane
pump through a flow cell. The concentration of Orange II
in the suspension was determined by measuring absorbance
at 480 nm with Vis spectrophotometer ColorQuestXE. The
suspension contained 5mmol of the dye at the beginning of
the kinetic test, which is a substantial excess over what can be
adsorbed by the catalyst. Maximal adsorption of structurally
similar azo dyes Orange G and Methyl Orange is <10 𝜇mol
per gram of P25 titania [23]; hence, in our experimental
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Figure 1: XRD pattern of prepared Ga3+-doped titania samples.

setup the azo dye amount exceeds the titania adsorption
capacity by about two orders of magnitude. None of the
two used light sources can photobleach Orange II without a
photocatalyst.The kinetic experiment started by switching on
the light source after the spectral signal of theOrange II in the
suspension reached a steady state; this actual initial signal was
taken as a measure of the initial concentration of the dye.The
sorption of the dye on the catalysts is hence irrelevant for the
evaluation of the kinetic experiments.

3. Results and Discussions

3.1. Structural Analysis. TheXRDpatterns of the Ga3+-doped
titania samples are shown in Figure 1. Only the diffraction
lines of anatase (ICDD PDF 21-1272) can be seen. The
crystallite size, anatase and nondiffractive phase contents,
and cell parameters 𝑎 and 𝑐 of anatase (calculated by Rietveld
refinement) are presented in Table 1. The crystallite size of
anatase decreases from 7.2 nm to 4.4 with growing gallium
content, which is also related to an increase of the nondiffrac-
tive phase.This phenomenon can influence the photocatalytic
activity of as-prepared samples. The ionic radius of Ga3+
(0.062 nm) [24] is only slightly larger than ionic radius of
Ti4+ (0.0605 nm) [25] and galliumcould hence substitute Ti4+
in the crystal lattice. At least partial incorporation of Ga3+
into the anatase lattice was suggested from the relative change
of the cell volume (Δ𝑉) compared to undoped TiO

2
(𝑉
0
)

prepared by the same synthesis method [26]. The volume
grew with increasing dopant concentration (see Table 1).

The nondiffractive fraction of the doped titania increased
linearly with growing Ga content (see Table 1): linear regres-
sion of the percentage of nondiffractive portion of the
samples versus Ga content formally expressed as Ga

2
O
3

with a slope close to 1 (1.2-1.3 depending on the Ga con-
centration range) suggests that Ga addition promotes the
growth of the nondiffractive portion of the samples. It is
probable that the nondiffractive portion of the specimens
is Ga-rich, but it must also contain some Ti (the slope of
nondiffractive content versus formalGa

2
O
3
percentage is>1).
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Because the percentage of the nondiffractive content was
estimated by Rietveld analysis, that is, from decrease of the
diffraction intensity of the target anatase with respect to
internal standard, it may alternatively reflect also decrease of
the structural order of the doped titania; high concentration
of defects stochastically disordering atomic positions would
also decrease the diffracted intensity.

Characterization of nanosized materials by classic mate-
rial characterizationmethods has serious pitfalls.The integral
intensities of diffraction lines become lower when crystallite
size decreases to a few nanometres or less. Very small
crystallites (size of very few nanometers) could be almost
nondiffractive and could then be considered as “amorphous
phase” in sense of X-ray diffraction. X-ray diffraction could
therefore provide misleading results. This was recently noted
and elaborated by Weidenthaler [27] Ga addition truly
hindered particle growth and led to very small particles, of
which the smallest are nondiffractive.

The addition of gallium to anatase slightly increased
the surface area, which is connected to lowering the
crystallite sizes shown in Table 1. The Barrett-Joyner-
Halenda (BJH) pore-size distribution plot and nitrogen
adsorption/desorption isotherms of the as-prepared
Ga-doped TiO

2
are shown in Supplementary Figures

S1 (see Supplementary Material available online at
http://dx.doi.org/10.1155/2014/468271). According to IUPAC
notation [28], microporous and macroporous materials
have pore diameters of less than 2 nm and greater than
50 nm, respectively; the mesoporous category thus lies in the
middle. All the prepared samples have a type IV isotherm,
which is mainly characteristic for mesoporous materials
[29]. The maximum of pore size (∼3 nm) for all prepared
samples is in-between mesoporous and microporous solids.
However, samples TiGa001, TiGa005, TiGa050, TiGa080, and
TiGa100 have significantly narrower pore size distribution
with higher amount of smaller pores. The content of very
small pores decreases photocatalytic activity. The samples
TiGa010, TiGa020, and TiGa120 have a maximum of
pores size at 5 and 60 nm, respectively; the mesoporosity
enhanced photocatalytic activity. It is commonly accepted
that mesoporous TiO

2
with a large surface area is the best

photocatalyst, since a larger surface area offers more active
adsorption sites. However, it is difficult to explain the high
activity of mesoporous TiO

2
based solely on its surface area

[30].

3.2. Other Analyses. Supplementary Figure S2 shows the IR
spectrum of the Ga-doped TiO

2
. The broad absorption band

at ∼3400 cm−1 and the band at 1641 cm−1 correspond to
the surface-adsorbed water and the hydroxyl groups [31].
The band at 1445 cm−1 can be assigned to the asymmetric
stretching mode of C–O bond of adsorbed carbonate ions on
the TiO

2
surfaces, formed probably by the adsorption of CO

2

from air [32] or remnants from the synthesis (CO
2
is themain

decomposition product of urea). Surface-adsorbed sulphate
ions are probably TiOSO

4
residue responsible for a small

band at 1100 cm−1 [33]. The peak located at ∼468 cm−1 in the
FT-IR spectrum is likely due to the vibration of the Ti–O
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Figure 2: The Raman spectra of prepared Ga3+-doped titania.

bond [34].The band at 905 cm−1 can be assigned analogously
to the stretching vibration of Ti–O–Ga [35].

The Raman spectra of the Ga-titania series are presented
in Figure 2. The specific vibration modes are located at
148 cm−1 (Eg), 399 cm−1 (B1 g), 512 cm−1 (B1g + A1g), and
630 cm−1 (Eg), indicating the presence of the anatase phase
in all of these samples. The absence of Raman active band
around 318 cm−1, which would be characteristic for Ga

2
O
3

[9], shows the absence of crystalline gallium oxide. Unfor-
tunately, neither Raman spectroscopy is sufficiently sensitive
to amorphous (or highly defective) phases. The red shift of
specific vibration Eg of the anatase structure from 148 cm−1
to 156 cm−1 (the inset in Figure 2) with the increasing gallium
content confirms, however, at least partial incorporation of
Ga3+ in the anatase lattice [36].

The XPS survey spectrum of samples TiGa001 and
TiGa010 and the high resolution XPS spectra of Ti 2p, O1s,
and Ga2p are shown in Supplementary Figure S3. In the
Ti 2p spectrum the Ti 2p3/2 and Ti 2p1/2 were identified
at binding energies 458.7 eV and 464.4 eV; these arise from
the presence of Ti4+ in pure anatase [37]. The O1s peak can
be deconvoluted into Ti4+–O bond at 530.0 eV and Ti–OH
bond at 531.6 eV. The presence of Ti–OH bond is important
for photocatalytic activity due to the production of large
amounts of OH∙ radicals [38] and due to modified surface
hydrophilicity of titania. The Ga2p 3/2 orbital for sample
TiGa010 was located at binding energy of 1118 eV [39]. In
TiGa001 sample the Ga concentration is below the XPS
detection limit; that is, Ga was incorporated in the structure
(it was not enriched on the titania surface). The traces of
metallic indiumwere detected in survey spectrum; the source
was probably inmetal Ga, used in the Ga(NO

3
)
3
preparation.

HRTEM images of gallium-doped titania nanocrystals
incorporated into anatase particles are shown in Figure 3.
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Figure 3: HRTEM of samples (a) TiGa001 and (b) TiGa020.
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The interlayer spacing along the [101] direction of the anatase
is increased from 𝑑 = 0.356 nm in TiGa001 to 𝑑 = 0.366 nm
in TiGa020 due to incorporation of Ga3+ in to anatase crystal
lattice. The HRTEM images clearly show very well crys-
talline materials, which contain no amorphous domains.The

selected area electron diffraction patterns (SAED), presented
in Supplementary Figures 4 and 5, obtained by the Process
Diffraction program, showed that the structure of all samples
is anatase (ICDD PDF 21-1272).

The electronic bands of annealed titania samples were
studied using UV-Vis diffuse reflectance spectroscopy. Sup-
plementary Figure S6 presents absorption spectra of the as-
prepared titania samples. The reflectance data obtained were
a percentage reflectance relative to a nonabsorbing material
(BaSO

4
). The Kubelka-Munk theory is generally used for the

analysis of diffuse reflectance spectra of weakly absorbing
samples [19]. Compared with the pure titania sample (sample
notation TiP), weak absorption edge red shift (bathochromic
shift) is observed with samples denoted as TiGa001 and
TiGa005 other samples, by contrast, have a weak blue shift.
The method of UV-Vis diffuse reflectance spectroscopy was
employed to estimate the band-gap energies of the heated
titania samples. Firstly, to establish the type of band-to-band
transition in these synthesised samples, the absorption data
were fitted to equations for indirect band-gap transitions.The
minimum wavelength required to excite an electron depends
on the band-gap energy 𝐸bg which is commonly estimated
from UV-Vis absorption spectra by the linear extrapolation
of the absorption coefficient to zero using the following
equation:

𝛼 (ℎ]) = 𝑅 (ℎ] − 𝐸bg) 𝑛, (2)
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Figure 5: Kinetics of photodegradation of Orange II dye under (a) 365 nm and (b) over 400 nm.

where 𝐴 is the absorption according to (1), ℎ] is the photon
energy in eV calculated from the wavelength 𝜆 in nm [40, 41]

ℎ] =
1239

𝜆

, (3)

and the exponent 𝑛 in (2) describes the type of the electronic
transition in bulk semiconductors: 𝑛 = 2, 1/2, 3, and 3/2
for indirect allowed, direct allowed, indirect forbidden, and
direct forbidden transitions, respectively [42].

The energy of the band gap was calculated by extrapo-
lating a straight line (a regression line according to linearised
form of (2)) to the 𝑥 axis (𝛼 = 0); then𝐸bg = ℎ] [43]. Figure 4
shows the (𝐴ℎ])1/2 versus photon energy for an indirect
band-gap transition. The resulting extrapolated values of 𝐸bg
for the indirect transitions are listed in Table 1. The value of
∼3.10 eV for nondoped titania is reported in the literature for
pure anatase nanoparticles [44, 45]. The value of band-gap
energy varies in range∼3.1–3.25 eV. Light absorption is highly
different by changing content of Ga3+ in the samples. The
samples with moderate Ga3+ content (TiGa001 and TiGa005)
exhibited a red shift of absorption edge up to 400 nm, which
corresponds to the value of band-gap energy ∼3.1 eV. This
shiftmay be due to incorporation ofGa3+ into the structure of
TiO
2
.With increasing gallium content, however, the opposite

trend, a blue shift of the absorption edge was observed. It
may be relevant that nascent Ga

2
O
3
has a band-gap energy

4.8 eV [46], and hence the hypothetic Ga-rich nondiffractive
component could also have broader bandgap than anatase. A
similar blue shift due to formation of a nondiffractive phase
has already been observed in Ge4+-doped TiO

2
[47].

3.3. Kinetic Tests. For the formal kinetic description of the
Orange II photobleaching on the Ga3+-doped titania the
Langmiur-Hinshelwood equation can be used [47, 48]. The
results are shown in Figure 5 and Table 2. Doping by Ga3+
increases the photocatalytic activity in both the UV and visi-
ble regions in comparison to undoped sample (with apparent
rate constants 𝑘 = 0.0073 and 𝑘 = 0.0020min−1 under UV
and visible light irradiation, resp.) [7]. The low activity of the
lower-doped sample is due to a low crystallinity and varied
structural defects conventionally assumed to act as recombi-
nation centres resulting in an insufficient separation of hole-
electron couples [49].The lower photocatalytic activity of the
samples TiGa001, TiGa005, TiGa050, TiGa080, and TiGa100
is probably caused by their microporosity. Sample TiGa120
has a lower photocatalytic activity probably due to the high
concentration of a photocatalytically inactive Ga phase. The
best photocatalytic activity in the UV region (𝑘 = 0.08447
and 0.08425min−1) was achieved with the samples TiGa010
and TiGa020, which contain 2.18 and 4.28wt.% of Ga; a
good photocatalytic activity is driven by their mesoporous
character [30]. The samples TiGa010 and TiGa020 showed
100% photobleaching of Orange II after 29 and 34min,
respectively. The Ga3+-doped TiO

2
samples had comparable

rate constants under the UV irradiation as Ge4+ [47] doped
TiO
2
and twice higher than In3+ [4] doped titania.

The lower photocatalytic activity of titania under Vis
light irradiation can be attributed to the increased content
of an amorphous phase, worse anatase crystallinity, and
an increased band-gap energy. As stated above, the higher
concentration of gallium likely increased the amount of a
nondiffractive phase (perhaps Ga enriched), which cannot be
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identified by X-ray diffraction nor Raman spectroscopy, but
which was quantified by Rietveld refinement after addition
of internal standard. The best photocatalytic activity in the
visible-light region has been achievedwith the sample labeled
TiGa010 (𝑘 = 0.01451min−1), which showed a slight red
shift of absorption edge. That specimen had still very small
percentage of the nondiffractive component as compared to
lower-doped and undoped titania.

Ga3+-doped TiO
2
prepared by homogeneous hydrolysis

showed up to 8 times higher photocatalytic activity than the
sol-gel-preparedTiO

2
with theOrange II photobleaching rate

constant 0.013min−1 [9]. Figure 6 presents dependence of
recalculated 𝑘

𝑏
(𝑘
𝑏
= 𝑘/BET) on the content of Ga. It is

clear that the best photocatalytic activity is determined by
the optimum ratio of Ga : Ti in the crystal lattice similarly as
in In3+-doped TiO

2
[4]. Annealing at 200∘C caused particle

growth, which consequently led to bigger areas of photocat-
alytically inactive domains and secondly to dehydroxylation
of the particle surface. Both these facts could consequently
reduce the photocatalytic activity (see Table 2).

4. Conclusions

New Ga3+-doped TiO
2
photocatalytic materials were pre-

pared by a homogeneous hydrolysis of titanium oxo-sulphate
and gallium(III) nitrate with urea in an aqueous solution.
Incorporation of Ga3+ into the anatase lattice has a clear pos-
itive effect on the photocatalytic activity under UV and Vis
light irradiation up to a certain extent of Ga. Ga3+ doping had
also impact on the size of the crystallites (decrease), surface
area (increase), and texture of the samples. Higher amount
of gallium led to the formation of a nondiffractive phase
with higher content of Ga, which could be photocatalytically
inactive. The best degree of conversion (100% after 29min)
for photocatalytic discoloration ofOrange II dye had a sample

denoted as TiGa010, which contained 2.18 wt.% of Ga. The
cost-effectivemethodof homogeneous hydrolysis can be used
for preparation of Ga3+ titania with potential use for light-
assisted oxidation of toxic organic molecules in the surface
waters.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the RVO 61388980. The authors
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[16] J. Środoń, V. A. Drits, D. K. McCarty, J. C. C. Hsieh, and D. D.

Eberl, “Quantitative X-ray diffraction analysis of clay-bearing
rocks from random preparations,” Clays and Clay Minerals, vol.
49, no. 6, pp. 514–528, 2001.

[17] S. Brunauer, P. H. Emmett, and E. Teller, “Adsorption of gases
in multimolecular layers,” Journal of the American Chemical
Society, vol. 60, no. 2, pp. 309–319, 1938.

[18] E. P. Barrett, L. G. Joyner, and P. P. Halenda, “The determination
of pore volume and area distributions in porous substances.
I. Computations from nitrogen isotherms,” Journal of the
American Chemical Society, vol. 73, no. 1, pp. 373–380, 1951.

[19] A. A. Christy, O. M. Kvalheim, and R. A. Velapoldi, “Quanti-
tative analysis in diffuse reflectance spectrometry: a modified
Kubelka-Munk equation,”Vibrational Spectroscopy, vol. 9, no. 1,
pp. 19–27, 1995.

[20] Z. C. Orel, M. K. Gunde, and B. Orel, “Application of the
Kubelka-Munk theory for the determination of the optical
properties of solar absorbing paints,” Progress in Organic Coat-
ings, vol. 30, no. 1-2, pp. 59–66, 1997.
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