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ABSTRACT

TiO2 based powders containing B2O3 and Nb2O5 were obtained through an aqueous sol-gel method. The as-
prepared gels were step wisely heated in the temperature range 200°C - 500°C and subsequently characterized 
by XRD, IR and UV-Vis analysis. The TiO2 (anatase) is the single crystalline phase which has been detected up to 
500°C. Photocatalytic tests showed that the investigated samples possess photocatalytic activity toward Malachite 
green organic dye and TiO2/Nb2O5 exhibited higher photocatalytic activity than TiO2/B2O3 sample. The compositions 
exhibited good antimicrobial activity against E. coli NBIMCC K12 407 and Bacillus subtilis NBIMCC 3562.
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INTRODUCTION

The titania and TiO2 based compounds are subjects 
of special interest and they are intensively studied 
mainly due to their good photocatalytic and antibacterial 
properties [1, 2]. A semiconductor with photocatalytic 
activities TiO2 has great potential as a self‐cleaning and 
self‐disinfecting material. Moreover, due to its high 
photoreactivity it has been broadly used for killing 
different groups of microorganisms including bacteria, 
fungi and viruses [3 - 4]. It was found that TiO2 NPs 
decompose organic compounds by the formation and 
constant release of hydroxyl radicals and superoxide 
ions when exposed to non‐lethal ultraviolet (UV) light 
[5], which can be used against bacteria and other organic 
substances [2].

Various methods for synthesis like hydrothermal 
route, sol-gel route and wet impregnation have been 

studied for doped TiO2 nanopowders. Among them, 
the sol-gel process is the most widely used approach 
consisting of two steps: hydrolysis of a titanium salt 
and a further condensation reaction. It was found that 
this method leads to obtaining of greatest homogeneous 
distribution of the dopant in the host matrix and high 
surface area of as-prepared TiO2 particles [6]. It is well 
known that the sol - gel synthesis allows the possibility 
of synthesizing new materials with designed properties. 
TiO2 shows relatively high reactivity and chemical 
stability under ultraviolet light (l < 387nm), whose 
energy exceeds the band gap of 3.3 eV in the anatase 
crystalline phase [7].

Our group has a great deal of experience preparing 
TiO2 composite powders by sol-gel technique. With 
this method, we successfully produced many binary, 
ternary, and multicomponent composites with improved 
photocatalytic and antibacterial qualities [8 - 12]. 
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This work is an extension of our earlier studies on the 
sol-gel synthesis of powdered TiO2 nanocomposite. 
Since the emphasis is now on compositions with 
enhanced photocatalytic and antibacterial capabilities, 
the search for novel not yet studied compositions has 
been expanded. The originality of the current work is 
highlighted by the lack of published data on binary 
TiO2/B2O3 and TiO2/Nb2O5 sol-gel derived powders 
and studies of their antibacterial and photocatalytic 
applications.

The present study is focused on the sol - gel synthesis 
and characterization of two binary TiO2 containing gels 
modified with B2O3 and Nb2O5. An attempt to compare 
the influence of both oxides on the photocatalytic and 
antibacterial activity of the as prepared nanopоwders 
was made. 

EXPERIMENTAL

Samples preparation
Based on our previous study on the gel formation 

in different binary TiO2 - MnOm systems [13, 14], two 
compositions containing 80 mol % TiO2 were selected 
- 80TiO2.20B2O3 and 80TiO2.20Nb2O5, denoted as TB 
and TN, respectively. Both samples were subjected to 
detailed investigations. Ti(IV) n-butoxide (Fluka AG), 
H3BO3 (Merck) niobium(V) ethoxide (C10H25NbO5) 
as precursors dissolved in ethylene glycol (C2H6O2) 
(99% Aldrich) were used. The dissolving in ethylene 
glycol was performed by vigorous magnetic stirring. 
Transparent gels were obtained and followed by heat 
treatment at 200°C in air in order to hydrolyze unreacted 
- OR groups as well as to decrease their content. Aiming 
to verify the phase and structural transformations, 
the gels were subjected to further stepwise heating 
from 200°C to 500°C. The calcination of the samples 
was performed for 2 hours exposure time in air, until 
obtaining powder. The calcination temperature was 
selected on the basis of our previous investigations [10, 
13]. The pH during the experiments was measured at 7.5 
- 8.0. The photocatalytic properties of both powdered 
samples were compared with those of а commercial 
TiO2 (Fluka).

Samples characterization
Powder XRD patterns were registered at room 

temperature using a Bruker D8 Advance X-ray powder 

diffractometer, Cu Kα radiation (k = 1.54056 Å) with 
a LynxEye solid position sensitive detector and X - ray 
tube operated at 40 kV and 40 mA. X-ray diffraction 
patterns were recorded in the range of 5.3 - 80° 2 h 
with a step of 0.02° 2 h. The optical absorption spectra 
of the powdered samples in the wavelength range 200 
nm - 700 nm were recorded by a UV - VIS diffused 
reflectance Spectrophotometer “Evolution 300” using a 
magnesium oxide reflectance standard as a baseline. The 
band gap energies (Eg) of the samples were calculated 
by the Planck’s equation (1):

ll
1240.

==
chÅg          (1)

where Eg is the band gap energy (eV), h is the Planck’s 
constant, c is the light velocity (m.s-1), and λ is the 
wavelength (nm). The specific surface areas (BETs) 
were determined by low-temperature (77.4 K) nitrogen 
adsorption in NOVA 1200e surface area and pore 
analyzer at relative pressures p/po = 0.1 - 0.3 using BET 
equation.

Photocatalytic activity experiments
Photocatalytic decomposition capabilities of the 

synthesized samples were evaluated under UV - light 
illumination by taking Malachite green (MG) as model 
dye pollutant. In the photocatalytic test, 100 mg of 
each sample was suspended in 150 mL MG aqueous 
solution. For all experiments, the concentration of MG 
dye was 5 ppm. Before irradiation, the suspensions were 
magnetically stirred and maintained for 30 min in the dark 
to attain the absorption-desorption equilibrium between the 
dye molecules and the photocatalyst surface. Irradiation 
with UV - light was provided by a black light blue lamp 
(Sylvania BLB 50 Hz 8W T5) with the major fraction 
of irradiation occurring at 365 nm. The lamp was fixed 
above the solution surface and the distance between the 
solution and the UV source was constant, 10 cm. Each 
MG/catalyst suspension has been exposed to UV - light 
with vigorous stirring. The zero timing was the moment 
of the UV lamp switching on. Sampling was performed 
at regular time during reaction. An aliquot (3 mL) of the 
suspensions was extracted from the photoreacted mixture 
and centrifuged to remove the catalyst particles. The extent 
of photodegradation efficiency of the studied samples 
can be represented by the degradation percentage of MG 
dye, which was calculated by obtaining the relationship 
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between C/Co and illumination time (min), where C 
and Co are the concentrations of MG dye at time t and 
time zero, respectively. The MG concentration changes 
(C/Co) are directly proportional to absorbance changes 
(A/Ao) during photodecomposition. So the percentage of 
degradation of MG dye (D %) was calculated using the 
following equation (2):

      (2)
 
where Ao is absorbance of the dye at zero time and At is 
the absorbance at a time t during degradation process.

Antimicrobial test
Two reference strains of bacteria were used 

to examine the evaluated materials’ antibacterial 
capabilities - Escherichia coli NBIMCC K12 407 and 
Bacillus subtilis NBIMCC 3562. They were provided 
by the National Bank for Industrial Microorganisms 
and Cell Cultures (NBIMCC, Bulgaria) and cultivated 
in Luria-Bertani (LB, HiMedia, Mumbai, India) broth 
and Nutrient broth (NB, HiMedia, Mumbai, India) on a 
shaker-incubator ES - 20/60 (Biosan, Riga, Latvia, 120 
rpm) at 37°C/30°C, respectively for 24 h. The process of 

evaluating the antibacterial activity of materials consists 
of calculating the cell reduction of strains after exposure 
to them. Each flask contained 10 mg of each ingredient, 
100 µL of the strain solution (OD610 nm = 1.9), and 100 
mL of liquid broth in order to achieve the main goal. 
Only the controls flasks had additional materials added 
to them. Petri dishes with 50 μL of each flask’s culture 
broth was added to sterile agar, which was then incubated 
in an incubator (Binder, Germany) at 37°C/30°C for 24 
h. Based on the number of colonies that have grown, 
the percentage of cell decrease was computed [15 - 17]. 
Every test was performed three times, and the mean 
values were displayed in the final results.

RESULTS AND DISCUSSION

Phase transformations
The purity, crystallinity and phase formation of 

investigated samples (TB and TN)  calcined at different 
temperatures (200°C - 500°C) were analyzed by XRD. 
The XRD patterns of the powdered samples are shown 
in Fig. 1. At low temperature (200°C) both samples are 
amorphous. The increasing of temperatures showed 
that TN samples preserves the amorphous state up to 

Fig. 1. XRD patterns of investigated samples heat treated at different temperatures: (n) Te, (p) TiO2- anatase, (á) TiO2- 
rutile, (l) TiTe3O8.
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400°C while for sample TB first TiO2 (anatase, JCPDS 
78 - 2486) crystals appeared already at 300°C. The TiO2 
(anatase) is the single crystalline phase which has been 
detected up to 500°C. The XRD pattern of TB sample 
at 400°C is showing a broad peak typical of nanosized 
crystallites. The average crystallite size of the particles, 
calculated from the broadening of the diffraction line 
using Sherrer’s equation is about 5 nm (sample TB) and 
15 nm (sample TN). The specific surface area (SSA) 
results using Brunauer - Emmett - Teller (BET) nitrogen 
adsorption experiments showed that SSA for the TiO2/
Nb2O3 sample was higher and had a value of 70 m2 g-1, 
while the other TiO2/Nb2O3 sample exhibited lower SSA 
value - 35 m2/g. The obtained XRD data are very similar 
to those obtained by other teams [18, 19]. 

UV-Vis DRS characterization
The UV – visible analysis is considered a powerful 

tool for exploring the optical features of nanocomposite 
powders. Numerous factors influence the absorbance, 
such as surface, impurity centers, oxygen deficiency, 
and bandgap [20]. The optical absorption spectra of 
investigated gels TB and TN were compared to those 
of pure TiO2 obtained by Ti(IV) butoxide gel (Fig. 2). 
The absorption edge and optical band gap values of 
the samples are summarized in Table 1. The UV - Vis 
spectra exhibit two maxima 230 - 260 nm and 300 - 325 
nm which could be assigned to the isolated TiO4 and 
TiO6 units, respectively [21]. As shown on the figure, 
for TBT gel, the intensity of UV peaks in the spectra at 
230 nm and that near 325 nm are comparable which is an 
indication of the commensurate amount of TiO4 and TiO6 
polyhedra in the gel network. The same was observed 
for the spectra of TB gel, while for TN sample the peak 
at 305 nm is slightly stronger than the other at 230 nm, 
which is an indication of more completed hydrolysis 
- condensation reactions. The UV - Vis spectra were 
also used to determine the optical band gap (Eopt) of 
investigated sample (Table 1). The obtained results 
suggest that Nb2O5 did not extend the absorbance of 
TiO2 to the visible light. There are some contradictions 
in the literature concerning the influence of Nb2O5 on 
the band gap. Some authors [22] found that there is no 
difference in the band gap of pure TiO2 and Nb doped 
TiO2. However, Yang et al. reported a reduced band gap 
for Nb - doped TiO2 porous microspheres [23]. This 
behavior could be attributed to the particle morphology 

and/or distribution of Nb2O5 on TiO2. Looking back to 
our results, it is seen that both samples showed similar 
values for Eg (TN - 3.56 eV, TB - 3.51 eV) which is 
slightly higher than that of pure TiO2 (3.31 eV), (Table 
1). Obviously, further experiment has to be performed 
in order to clarify this phenomenon. 

Photocatalytic activity
The photocatalytic action of pure and modified 

TiO2 powders heated at 500°C for 1 h was tested for 
degradation of MG dye water solution illuminated 
with UV light. The MG dye has been selected as a 
model pollutant for our investigation on account of its 
extensive discharge as an industrial effluent coupled 
with its hazardous impacts on human health and 
marine life. For comparison, the MG dye degradation 
was also followed in the presence of commercial TiO2 
(Fluka). Fig. 3(a, b) depicts the percentage removal of 
MG dye as a function of irradiation time. As can be 
seen from the figure, the best photocatalytic activity 
showed the commercial TiO2 (Fluka) with 100 % 
decoloration efficiency in 60 min irradiation. After 90 

- Gel composition
Cut-off, 

nm
Eg, eV

1. Ti(IV) butoxide 375 3.31
2. 80TiO2.20Nb2O3 348 3.56
3. 80TiO2.20B2O3 353 3.51

Fig. 2. UV-Vis spectra of investigated gels compared with 
Ti(IV) butoxide.

Table 1.  Observed cut-off and calculated bandgap values 
of selected samples.
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min of irradiation the percentage removal of MG dye 
was nearly 100 % using TN and 75 % using TB. Thus, 
the removal efficiency of TN was better than that of TB 
and similar to the commercial product under the same 
conditions (Fig. 3(a)). Obviously, the modified TB and 
TN samples exhibited better photoactivity than the 
synthetized pure TiO2.

These results were confirmed by the application 
of pseudo - first order kinetic model as expressed by 
the equation ln Co/Ct = kt, which is generally used for 
photocatalytic degradation processes [24], where Co and Ct 
are the concentrations of dye at time 0 and t, respectively, 
and k is the pseudo - first order constant (Fig. 3(b)). A 
good correlation to the pseudo - first order kinetics (R2 > 
0.955) was found from these results. The rate constants of 
the samples are 0.0060, 0.0172 and 0.0381 min-1 for the 
synthesized pure TiO2, TB and TN, respectively.

Bearing in mind the fact that the photocatalytic 
activity of doped TiO2 depends on many factors 
(synthesis method, dopant concentration, light source, 
particle size, surface area, etc.) it could be summarized 
that the higher SSA (70 m2 g-1) of the TN sample could 
be the reason for its better photocatalytic activity. 
Obviously, at our experimental conditions, the presence 
of boron oxide was less beneficial than introducing of 
niobium oxide to the photoactivity under UV irradiation.

Antibacterial tests
The investigated TN and TB samples heat-treated 

at 200°C and 400°C have been tested for antibacterial 
activity against E. coli NBIMCC K12 407 and 
Bacillus subtilis NBIMCC 3562. The testing has been 
performed by monitoring the cell reduction of cultivated 

microorganisms in the presence of investigated materials 
for 24 hours in a liquid medium, Tables 2(a, b). Both 
tested powdered materials showed good antibacterial 
properties against E. coli NBIMCC K12 407. It was 
observed the tendency that the heat - treated materials 
at 200°C revealed higher antibacterial activity towards 
the Gram-negative strain in comparison to the same 
materials treated at 400°C, Table 2(a). 

The experiments concerning the influence of 
materials on the cell growth of Bacillus subtilis NBIMCC 
3562 demonstrated that only the TN sample treated at 
200°C showed 30.2 % cell reduction in comparison to 
the 9.3 % reduction by the TN sample treated at 400°C 
(Table 2(b)). The Gram - positive strain was more 
sensitive to the heat-treated at 400°C TB sample which 
exhibited 52.5 % cell reduction. The heated at 200°C 
TB powders showed 35 % cell reduction. Obviously, 
the TiO2 modified with B2O3 possess better antibacterial 
ability toward both bacterial strains. We suggest that 
these observations could be explained by the XRD 
results (Fig. 1). According to these findings the presence 
of amorphous part is preserved at 200°C and in sample 
TN even at 400°C. Therefore, observed antibacterial 
activity could be explained by the synergetic effect 
of anatase and presence of amorphous phase in the 
samples at both temperatures. Our investigations well 
correspond to these obtained by Dĕdkova et al. which 
found that the presence of amorphous state in the Ce 
doped TiO2 materials is one of the reasons for their good 
antibacterial activity [25]. Thus, it could be concluded 
that the amorphous state also contributes to the good 
antibacterial properties of the obtained composite 
powders. 

Fig. 3. (a) Photodegradation efficiency of TiO2, TB, TN and TiO2 - Fluka samples in decoloration of MG under UV 
irradiation; (b) Photocatalytic reaction kinetics of MG decoloration by investigated samples.

a)       b)
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CONCLUSIONS

Two gels 80TiO2/20B2O3 and 80TiO2/20Nb2O5 
were obtained by aqueous sol - gel method and 
subjected to detailed investigations. It was established 
by XRD and IR analysis that the niobium oxide 
preserved the organic constituents up to 300°C and 
the organic - inorganic amorphous phase completely 
transformed into inorganic one above 400°C. The TiO2 
(anatase) is the single crystalline phase which has been 
detected up to 500°C. Two maxima about 230 - 260 nm 
and 305 - 325 nm related to the isolated TiO4 units and 
condensed TiO6 groups were registered by UV - Vis 
spectroscopy. The modified with boron and niobium 
oxide samples exhibited better removal efficiency 
than the synthetized pure TiO2. The photocatalytic test 
reveals that the addition of niobium oxide stimulates 
the degradation of the MG dye and its photocatalytic 
activity is better than those of TiO2/B2O3. Both 
investigated compositions showed good antimicrobial 

activity against E. coli NBIMCC K12 407 and Bacillus 
subtilis NBIMCC 3562. As a result, further research 
is required to develop new powdered compositions 
aiming to improve their applications.
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