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A study on the synthesis, characterization
and photocatalytic activity
of TiO, derived nanostructures
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Syntheses of TiO, derived nanostructures have been conducted at 210 °C by hydrothermal reaction
of commercial TiO,-P25 (Degussa, Germany) in 10 M NaOH aqueous solution. High purity of the as-
produced material was confirmed by scanning and transmission electron microscope analyses. The crys-
tallographic structure, as well as the optical and vibronic properties of this material were examined by
X-ray diffraction, diffuse reflectance (DR) UV-Vis, resonance Raman spectroscopic methods, respective-
ly. Detailed analysis of the phase composition revealed that the rod-like structures are made up of sodium
tetratitanate (Na,Ti4Oy). It was also observed that acid treatment of the material (hydrothermal reaction)
led to a decrease in the diameters of the nanorods. Finally, the photocatalytic activity of the investigated
nanostructures was examined, by observing the reaction photocatalytic decolourisation of two organic
dyes (Reactive Red 198 and Reactive Black 5) under UV-light irradiation.
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1. Introduction

Over recent decades, syntheses and characterization of one-dimensional (1D)
nanostructures such as nanotubes, nanorods and nanofibres have received significant
attention, due to their unusual physical and chemical properties and wide range of
potential applications [1-3]. The most outstanding example of a 1D nanostructure is
the carbon nanotube [4-6]. However, other one dimensional nanomaterials including
metals, oxides or nitrides have also been intensively studied [3, 7-10]. It was noticed
that 1D oxidic nanostructures can offer many remarkable advantages which lead to
new technological applications, particularly in nanoelectronics and nanophotonics

[11].
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Among 1D oxidic nanomaterials, TiO, is one of the most interesting. Recently,
a large number of synthesis experiments of TiO, derived nanotubes, nanorods and
nanowires have been reported. Various methods for preparation of those materials
have been tested such as combining sol-gel processing with electrophoretic deposition,
spin-on processes, anodic oxidative hydrolysis, sonochemical synthesis and pyrolysis
routes [12—14]. Nevertheless, one of the most promising and simple methods for syn-
thesizing TiO, derived nanostructures is hydrothermal treatment of titania powders of
various crystallographic structures (rutile, anatase, and brookite) in a strongly alkaline
aqueous solution of NaOH. These methods do not require any templates and the ob-
tained nanostructures have smaller diameter of ca. 10 nm, and high crystallinity
[15, 16]. At first, TiO,-derived nanotubes with a diameter of about 8 nm were obtained
by hydrothermal treatment of rutile powders in 10 M NaOH solution at 110 °C [15].

In spite of many studies on the structures and proposed formation mechanisms of
the products of the alkaline hydrothermal treatment, it is still a controversial and con-
stantly debated topic among the research community. At first, it was believed that the
products of the hydrothermal synthesis with NaOH are nanotubes and nanorods of
anatase [1-15]. Afterwards, it was reported that nanotubes of H,Ti;0; are formed and
that NaOH acts only as a catalyst [17]. Later, Yang et al. [18] found that the produced
nanotubes are Na,Ti,04,(OH), but not TiO,. Next, Sun et al. [19] argued that TiO,
derived nanotubes are titanates of Na,H, , Ti;0type. Additionally, it was also reported
that thermal behaviour of TiO, derived nanotubes and nanorods are different. Such
nanotubes are usually unstable at higher temperatures (above 500 °C) and break down
into anatase particles, whereas nanorods converted to the metastable TiO, B phase
keep their morphology [20, 21].

In the present study, TiO,-derived nanostructures were produced by a hydrother-
mal reaction using 10M NaOH aqueous solution and Ti0,-P25 (Degussa, Germany) as
precursors. The reaction was carried out at 210 °C. Crystallographic composition,
optical and vibronic properties of the product were also investigated. Furthermore, the
effect of acid treatment on the morphology of the material was investigated. Finally,
the photocatalytic activity of the investigated nanostructures was examined, by ob-
serving the photocatalytic decolourisation of two organic dyes (Reactive Red 198 and
Reactive Black 5) under UV-light irradiation.

2. Experimental

Materials. Commercial titanium dioxide with a crystalline structure of ca. 20%
rutile and ca. 80% anatase and primary particle size of ca. 25 nm (TiO,—P25, Degussa,
Germany) and sodium hydroxide (NaOH, Sigma-Aldrich) were used as the starting
materials for the synthesis of the TiO,-derived nanostructures.

Reactive Red 198 (RR198) and Reactive Black 5 (RB5), produced by Boruta Col-
or Company (Poland), were chosen as the model contaminants for the photocatalytic
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decolourisation tests for the produced materials. RR198 and RBS5 are water soluble
azodyes. Their molecular formulae are presented in Fig. 1. Both dyes exhibit absorp-
tion maxima in the spectral range of visible light (RR198-518 nm and RB5-597 nm).
Moreover, the light resistances of RR198 and RB5 are 4-5 (ISO Blue Wool Scale).
This parameter was estimated by the Boruta Color company, and it is defined accord-
ing to an eight-unit scale, and corresponds to the amount of dye present in a final
product.
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Fig. 1. The molecular formulas of RR198 (a) and RBS5 (b)

Preparation of TiO; derived nanomaterials. As the first step in the preparation of the
nanostructured materials, TiO,-P25 (2 g) was added to 10 M NaOH aqueous solution (50
cm’). Afterwards, the as-obtained mixture was kept at 210 °C in a 70 cm’ autoclave. The
annealing time was fixed at 24 h, throughout which the required temperature was main-
tained. Subsequently, the product of the hydrothermal reaction was washed with distilled
water until the pH of the supernatant reached the value of 7. Next, one batch of the ob-
tained powder was collected and dried at 70 °C for 24 h. The sample prepared in the man-
ner described above shall henceforth be referred to, and was labelled as S1. The remaining
powder was treated with 0.1 M HCI aqueous solution and was dispersed in an ultrasound
bath. Afterwards, this batch was treated repeatedly with distilled water until pH of the
supernatant was about 7. Finally, it was dried at 70 °C for 24 h. That sample shall hence-
forth be referred to, and was labelled as S2.

Experimental procedures and techniques. The morphology of the prepared sam-
ples was observed via scanning electron microscopy (SEM, DSM 962, Zeiss, Ger-
many). The crystalline structures of the samples were characterized by X-ray diffrac-
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tion (XRD) analysis (X Pert PRO Philips diffractometer) using a CoK,, radiation. The
optical properties of the materials were investigated by means of the diffuse reflec-
tance (DR) UV-Vis technique, using a Jasco (Japan) spectrometer. Additionally, the
vibronic properties of the photocatalysts were examined based on their FTIR response.
The measurements were performed using a Jasco FTIR 430 (Japan) spectrometer
equipped with a diffuse reflectance accessory (Harrick, USA). Resonance Raman
analysis was performed using a resonance Renishaw Raman inVia microscope with
the laser radiation of the wavelength of 785 nm. And finally, the BET surface areas
and mean pore diameters of the catalysts were measured by nitrogen gas adsorption
using a Micrometrics ASAP 2010 apparatus.

Determination of photocatalytic activity. The photocatalytic activity of the pre-
pared nanostructure materials was examined by observing the decolourization of the
organic dyes when they undergo photocatalytic reaction. The photocatalytic reactions
were carried out in an open glass reactor containing 20 cm’ of a model solution of
RR198 or RB5 (initial concentration: 30 mg/dm”®) and 10 mg of the produced materi-
als. At first, the solution was mixed in an ultrasonic bath for half an hour. The solution
was subsequently irradiated for 2 h using an 60 W lamp. Next, it was filtered through
a 0.45 um membrane filter. The changes in the concentrations of the dyes were meas-
ured using a UV-vis spectrophotometer (Jasco V-530, Japan) at fixed wavelengths of
518 nm (RR198) and 597 nm (RBS).

3. Results and discussion
3.1. Characteristics of the produced materials

Figure 2 shows the SEM images, at two different levels of magnification, of the
raw material (pristine TiO,-P25, images a), b)), and the S1 and S2 samples (images
¢)-f)). The pristine TiO,-P25 sample consists of granular crystals with an average
diameter of about 25 nm. As is clearly observed, the morphologies of the S1 and S2
samples are clearly different from that of the TiO,-P25 sample. The S1 sample is
composed of rod-like structures. The S2 sample exhibits a similar morphology. It is
clearly observed that the mean diameter of S2 nanoparticles is smaller than that of S1
nanoparticles. The rod length distributions of the samples are shown as histograms in
Fig. 3: histogram a corresponds to the S1 sample, and histogram b corresponds to the
S2 sample. It can be seen that the length of the rods ranges from 1.2 wm to 5.3 wm and
from 1.7 um to 3.2 um for S1 and S2, respectively. This suggests that acid treatment
of S1 leads to an overall reduction in the rod lengths.

The morphology of S2 was studied in greater detail using TEM (data not shown
here). One can observe that the S2 sample consists of nanorod particles having an
average diameter of 35 nm (ranging from 20 nm to 50 nm). Additionally, the produced
nanorods are basically layer-structured, with the layer spacing of 0.96 nm. This value
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is higher than those obtained by Meg (0.67 nm) [22], Pavasupree and Yu (0.80 nm)
[20, 2] or Tahir (0.32 nm) [24].
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Fig. 3. Distribution of nanorods’ lengths: a) S1 and b) S2

The XRD pattern of the pristine TiO,-P25 sample is presented in Fig. 4a. TiO,-P25 is
a mixture of two different forms of titanium dioxide, such as anatase (marked by the sym-
bol @, JCPDS card No. 21-1272) and rutile (marked by the symbol m, JCPDS card No. 34-
180). For comparison, Fig. 4b presents the XRD patterns of the samples produced after the
hydrothermal reaction and after acid treatment (patterns: 1 — S1, 2 — S2). Detailed phase
analysis reveals that S1 is composed of sodium tetra-titanate (Na,Ti;O9 marked in Fig. 4b
by the symbol A, JCPDS card No. 33-1294). One can also observe that S2 (pattern b) is
a mixture of sodium titanate (Na,TiO; marked by the symbol ¢, JCPDS card No.
11-0291) and hydrogen pentatitanate (H,TisO,;"H,O — marked by the symbol *, JCPDS
card No. 00-044-0131). It is known that K or Na" ions in tetratitanates (such as K,Ti,Oo
or Na,Tis0o) can be exchanged by H' ions in HCI aqueous solutions [2]. Therefore, the
resulting sample contains hydrogen tetra-titanate H,Ti4Oy. Here, the interesting point is
that during the acid treatment of S1, only partial substitution of sodium by hydrogen at-
oms, forming H,TisO;,"H,O occurred. The formation of the additional form of sodium
titanate (Na,TiO3) is detected.
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Fig. 4. Diffractograms of the materials: a) pristine TiO,-P25, b) S1 and S2

The question of what product materials result when NaOH undergoes hydrother-
mal reaction with different titanium dioxide precursors is the subject of intensive dis-
cussions. In many papers, authors argued that TiO,-derived nanotubes and nanorods
are composed of sodium trititanate (Na,Ti;O;) and hydrogen trititanate (H,Ti;O7)
[21, 25, 26]. It is worth pointing out that the nanorod structures of sodium tetra-
titanate (Na,Ti4O9) and hydrogen pentatitanate (H,TisO;;), as the main products of
hydrothermal reaction of titanium dioxide in NaOH solution have not been described
much in the state-of-the-art literature. Furthermore, the presence of anatase phase of
TiO, can be observed in the diffraction peaks of both the S1 and the S2 samples. It
indicates that a small amount of an anatase-type of TiO, still remains in the product
materials.

Figure 5 shows the FTIR spectra of the pristine TiO,-P25 sample (spectrum a) and the
samples produced after hydrothermal reaction and acid treatment (spectra: b-S1, c-S2).
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Absorption bands at about 1000 cm', 1640 cm™', and a very broad band in the
36002600 cm ' range were detected in the FTIR spectrum of pristine TiO,-P25. The
band at 1000 cm™' corresponds to the stretching and bending vibrations of Ti—O-Ti
bonds [27]. The vibration modes at 1640 cm' and in the 3600-2600 cm ' range are
assigned to the binding vibration of H-O—H and the O-H stretching vibration of the
physically adsorbed water [27, 28]. Additionally, here one can notice that the intensi-
ties of the bands at 1640 cm ™' and 3600-2600 cm ' in the FTIR spectra of S1 and S2
are enhanced with respect to the pristine TiO,-P25. This indicates that a large amount
of adsorbed water remains on the sample surfaces. Moreover, in the case of those two
samples, a new absorption band at 1280 cm ' was observed. It is also of note that, for
the S1 sample, a new broad band was detected in the 2040-2380 cm ' range.
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Fig. 6. Raman spectra of: a) pristine TiO,-P25, b) S1 and ¢) S2
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Figure 6 shows the resonance Raman spectra of the pristine TiO,-P25 (spectrum a)
and produced samples (spectra: S1 — b, S2 — ¢). It is clearly seen that the spectrum of
the TiO,-P25 shows six peaks at 143, 197, 396, 445 (of very small intensity), and at
516 and 639 cm'. According to the reference [29, 30], anatase phase of TiO, has six
Raman active modes (4, + 2B, + 3E,) at 147, 198, 398, 515, 640 and 796 cm', while
rutile has four active modes (4, + Bi, + By, + E,) situated at 144, 448, 612 and 827
cm ', respectively. TiO,-P25, as a mixture of anatase (80%) and rutile (20%), has five
Raman peaks (at 143, 197, 396, 516 and 639 cm ') corresponding to anatase, but just
one peak, at 445 cm ', corresponding to rutile [30].

Additionally, in Figure 6 it is clearly observed that the Raman spectra of S1 and
S2 are different from the spectrum of pristine TiO,-P25. Raman peaks observed for
the S1 and S2 nanorods are quite similar to those that have been described before
[12, 31]. Moreover, S1 and S2 samples exhibit relatively weak Raman modes in
comparison with TiO,-P25. This observation can be explained by poor crystallinity
of the obtained nanorods. In the case of the S1 sample, bands at approximately 176,
198, 243, 275, 307, 372, 426, 473, 596, 671, 710 and 923 cm ! are observed. The
Raman modes, at about 176, 198 cm ' and those in the 224-339 cm ' range (namely
at 243, 275, and 307 cm ') are assigned to the stretching modes of Ti—-O—Na [12].
The split peaks in the 396-504 cm ' region and the peak at 596 cm™' correspond to
the bending and stretching vibration of Ti—O bonds. Moreover, the peak at about 923
cm ! is also attributed to the stretching modes of Ti—O [12, 29, 32]. Additionally, the
expected band at 671 cm™' is due to the Ti—~O-Ti stretching vibration [23]. In the
case of the S2 sample, all the above mentioned bands (except the peaks at about 710
and 923 cm ') are detected. Additionally, we can state that the Raman peaks having
maxima at about 372 cm™' (S1) and 361 cm™' (S2) are probably due to TiO, (ana-
tase).

100

80 -

40

20 1

T T T T
Fig. 7. The DR-UV-vis transmission spectra of: 250 300 350 400 450 500

a) pristine Ti0,-P25, b) S1 and c¢) S2 Wavelength [nm]



634 B. ZIELINSKA et al.

The DR-UV-vis spectrum of the pristine TiO,-P25 (spectrum a), as well as the
spectra of the S1 and S2 samples (spectra b and c) are presented in Fig. 7. The absorp-
tion edges of S1 and S2 shift towards shorter wavelengths in comparison with the
pristine TiO,-P25. The band gap energies of all investigated samples were determined
using the DR-UV-vis method and were calculated from the equation:

ahv = A(hv — EGY (1)

where « is the absorption coefficient, 4V is the photon energy, EG is the optical band
gap, A is a constant which does not depend on the photon energy and r is a parameter
equal to 1/2, 3/2, 2 or 3, depending on the type of transition (1/2 for allowed direct,
2 for allowed indirect, 3 for forbidden direct and 3/2 for forbidden indirect optical
transitions) [33, 34]. We can state that the band gap energies of the S1 and S2 samples
are greater than that for pristine TiO,-P25. The calculated EG are 3.049, 3.637 and
3.420 eV for TiO,-P25, S1 and S2, respectively.

Table 1. The band gap values and nitrogen
adsorption data for the samples under study

Sample EG |BET surface| Mean pore
P [eV] | area [m%*/g] | diameter [nm]
TiO,-P25|3.049 52 6.9
S1 3.637 15.6 7.9
S2 3.420 30.3 7.2

Additional characteristic features of the produced nanostructures and the starting
material (such as BET surface area, mean pore diameters and band gap energies) are
listed in Table 1. According to the manufacturer’s data, TiO,-P25 has the specific
surface area of 52 m*/g and the mean pore diameter of 6.9 nm. The specific surface
areas of S1 and S2 samples are lower than that of the pristine TiO,-P25 sample. For
example, the BET surface areas of the S1 and S2 samples are about 3 and 2 times
lower, respectively, than that of the TiO,-P25 sample.

3.2. Photocatalytic reactions

The photocatalytic activities of the produced materials were studied by observing
the reaction, specifically the photocatalytic decolourisation, of two organic dyes (Re-
active Red 198 — RR198 and Reactive Black 5 — RB5) as model contaminants. At the
first stage, the control reaction without catalysts and using RR198 and RBS5 solutions
(having the concentration of 30 mg/dm’) was investigated. A small degree of decolou-
rization was observed in both the dyes (RR198 — 5.64%, RB5 — 3.12%) after 2 h of
UV irradiation.
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Further experiments were conducted using the same organic dyes but contents of
all studied materials did not change (10 mg of TiO,-P25, S1 and S2 on 20 cm’ of dye
solution). Figure 8 shows the decolourization profiles of RR198 and RBS5 dyes, in the
presence or absence of the considered catalysts, and after being subjected to UV-light
irradiation for 2 h. The both organic dyes undergo total decolourization after 1 h of
UV illumination, but only for the TiO,-P25 catalyst. After 2 h of irradiation, the de-
grees of decolourization of the RR198 and RBS5 dyes were 25.7% and 54.9% for the
S1 catalyst, and 34.5% and 61.4% in the case of the S2 catalyst. Furthermore, Figure 8
also shows that the sample obtained after acid treatment (S2) exhibits higher catalytic
activity than the one obtained directly after hydrothermal reaction (S1).
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Fig. 8. Photocatalytic decomposition of RR198 and RBS5 in the presence of
the pristine Ti0,-P25 and S1 and S2 samples

As is well known, the catalytic activity of a catalyst material is directly propor-
tional to its BET surface area. Pristine TiO,-P25 exhibits the highest BET surface area
(52 m*/g) and the highest photocatalytic activity in the dye decolourization reaction.
Moreover, one can observe that the BET surface areas of the produced samples de-
creased considerably after the hydrothermal reaction (S1, 15.6 m*/g) and subsequently
increased after acid treatment (S2, 30.3 m’/g). As is clearly observed from the data,
there is a direct correlation between the BET surface area and the degree of dye decol-
ourization: the higher the BET surface area, the higher the degree of decolourization
of the RR198 and RB5 dyes (Ti0,-P25 > S2 > S1). Additionally, it is worth pointing
out that RR198 and RB5 dyes are not adsorbed on the S1 and S2 surfaces. It is known
that the adsorption of the reagents on the surface of the photocatalyst is a very impor-
tant consideration in the photocatalytic process. This might be a possible reason why
the nanostructures described here exhibit less photocatalytic activity, compared with
the Ti0,-P25 sample, in the dye decolourisation reaction. Detailed studies to verify the
proposed explanation are currently in progress.
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4. Conclusions

The syntheses and detailed characterization of TiO,-derived nanorods using com-
mercial TiO,-P25 as a precursor have been described. The obtained nanorods having
an average length of 5.9 um (after the hydrothermal reaction) and 4.05 um (after the
hydrothermal reaction and acid treatment) revealed to be a composition of different
layers of titanates (Na,Ti4O9, Na,TiOs, H,Ti501,-H,0). Additionally, it was proved
that the fabricated nanorods are less active in the photocatalytic reaction of decolouri-
sation of organic dyes than pristine TiO,-P25. Furthermore, we have proved that the
nanorods synthesized from pristine TiO,-P25 exhibit higher photocatalytic activity
than the nanorods synthesized either from hydrothermally treated TiO,-P25 (referred
to as material S1 in this paper) or from hydrothermal-and-acid-treated TiO,-P25 (re-
ferred to as material S2 in this paper).
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