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Abstract:

The titanium dioxide (TiO,) nanopowders were produced by sol-gel technique from
tetrabutyl titanate as a precursor, varying the temperature of calcination (from 500 to 550 C
with the step of 10 €C). XRPD results have shown that all synthesized nanopowders are
dominantly in anatase phase. The analysis of the shift and linewidth of the most intensive
anatase E; Raman mode confirmed the XRPD results and added the presence of small
amount of highly disordered brookite phase in all samples. The analysis of pore structure
from nitrogen sorption experimental data described all samples as mesoporous, with mean
pore diameters in the range of 1.5 and 4.5 nm. Nanopowder properties have been related to
the photocatalytic activity, tested in degradation of the textile dye (C.l. Reactive Orange 16).
The sample calcined at temperature of 510 € showed the best photocatalytic performance.
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1. Introduction

Permanent environmental pollution from industrial wastewater is of major concern.
Many industries use dyes in order to colour their products and consume substantial volumes
of water. Semiconductor photocatalysis is a very popular technology that has a lot of
applications in environmental systems such as air purification, water disinfection, hazardous
waste remediation, and water purification [1]. Several semiconductors have band gap energies
sufficient for promoting or catalyzing a wide range of chemical reactions important for
environmental. Among many candidates, TiO, has chosen to be the most suiTab. for
widespread environmental applications because of its biological and chemical inertness,
stability against photocorrosion and chemical corrosion, and cost-effectiveness [2]. Besides
that, TiO, is the very important constituent of composite ceramic materials (binary, as Al,O3-
TiO, and TiO,-Y,0; or ternary, as Al,O;-TiO,—Y,03) [3], and getting acquainted with
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properties and abilities for applying can be necessary for possibity of composite applications.

The TiO,/UV system has been widely investigated in heterogeneous photocatalysis
[4]. UV irradiation upon a semiconductor can photoactivate TiO,, generating electron/hole
couples with strong redox properties for various environmental applications. However, the
use of a TiO, photocatalyst in the photocatalytic oxidation of various pollutants is uncommon
owing to its low photodegradation efficiency [5]. The photocatalytic efficiency of TiO,
powder heavily depends on its microstructure and physical properties, which are in turn
determined by the preparation conditions. Among these, the presence of mesopores gives rise
to a large surface area, which offers abundant interaction sites with external molecules [6]. In
this study, several methods of characterization, such as X-ray powder diffraction (XRPD),
Brunauer-Emmett-Teller (BET) measurements, and Raman spectroscopy are employed in this
study to investigate the influence of the TiO, nanopowders structure characteristics (the pore)
caused by different synthesis conditions (the temperature of calcinations) to photocatalytic
properties (photodegradation of the textile dye, C.l. Reactive Orange 16) of synthesized TiO,
nanopowders.

2. Experimental details
2.1 Synthesis

The TiO, nanocrystals were prepared by a sol-gel method. The precursor in all
experiments was tetrabutyl titanate (Ti(OBu)4) and the molar ratio between reagents in the
reaction of synthesis were Ti(OBu)4:HCI:EtOH:H,0 = 1:0.3:15:4, where hydrochloride acid
was used as the catalyst, ethanol as the solvent, and water for hydrolysis. The reaction of
synthesis carried out at the temperature of ice, as the reaction polycondensation of Ti(OBu)4
(aging). After the gelation, the wet gels were dried at 80°C, and then the dry gels were
calcinated for 1.5 hours to obtain TiO, nanocrystals. The temperature of calcinations were
500 °C (Ts00), 510 °C (Ts10), 520 °C (Ts20), 530 °C (Ts30), 540 °C (Ts49), and 550 °C (Tsso),
respectively. The heating rate and the cooling rate were the same, 135 °C/h, as in our previous
experiments [7]. Ti(OBu), was produced by Acros Organics, HCI by Zorka, Serbia, and
C,HsOH by Carlo Erba. All chemicals were used without further purifications.

2.2 Characterization methods

X-ray powder diffraction (XRPD) patterns were obtained on an Ital Structures
APD2000 X-ray diffractometer (Cu Ko radiation, angular range: 20°< 20 < 70°). Data were
collected at every 0.01° in the 10-70° 26 using a counting time of 80 s/step. The Fullprof
computer program was used. The Williamson-Hall Method was applied for determination of
the average microstrain and the mean crystallite sizes.

The powder was sonicated in ethanol for 15 minutes. Immediately afterwards, a drop
of solution was casted onto a freshly cleaved kish graphite crystal embedded with a silver
paste into a sample holder. Access material was removed in a stream of argon gas and the
sample was left to degas in low vacuum for 1 hour, before the measurements on a scanning
electron microscope (SEM). The measurements were carried out on a Tescan MIRA3 field
emission gun SEM, at 10 kV in high vacuum. SEM working distance was about 4 mm.
Sample plane was 40° tilted relative to the plane perpendicular to the SEM column axis.

Adsorption and desorption isotherms of N, were measured on TiO, samples, at -
196°C, using the gravimetric McBain method. The specific surface area, Sger, pore size
distribution, mesopore including external surface area, Speso, and micropore volume, V e, for
the samples were calculated from the isotherms. Pore size distribution was estimated applying
Barret-Joyner-Halenda (BJH) method [8] to the desorption branch of isotherms and mesopore
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surface and micropore volume were estimated using the high resolution o plot method [9,
10]. Micropore surface, Spc, was calculated by subtracting Syyeso from Sger.

Raman scattering measurements of TiO, samples were performed in the
backscattering geometry at room temperature in the air using a TriVista T557 triple
spectrometer with the 900/900/1800 grooves/mm gratings combination. The spectrometer was
equipped with a confocal microscope and a nitrogen-cooled charge coupled device detector.
The 514.5 nm line of a mixed Ar'/Kr'gas laser was used as an excitation source with an
output power of less than 5 mW to avoid local heating due to laser irradiation.

2.3 Measurements of photocatalytic activity

Procedure measurements of photocatalytic activity was the same as in [11], except the
agitation in dark was 30 min instead 90 min. The textile dye, C.I. Reactive Orange 16, was
obtained from Bezema as a gift (commercial name Bezaktiv Orange V-3R) and used without
further purification.

3. Results and Discussion
3.1 Synthesis

In sol-gel synthesis experimental parameters were the same as in our previous
experiments [7] except the duration of calcination of 4 hours. It was found that using the
duration of 4 hours synthesized TiO, nanoparticles (anatase phase) have the best
photocatalytic properties in photodegradation of metoprolol [12] within samples with various
durations of calcinations (from 1 to 7 hours) and our samples have mentioned set-up of
experimental parameters.

3.2 X-ray diffraction

Measured XPRD patterns for samples calcined at 500 °C and 550 °C are presented at
Fig.1. Diffractograms of all samples were recorded, but there are very similar and only the
most distant are presented. XRPD patterns of both samples (Fig. 1) are readily indexed to the
anatase crystal structure (JCPDS card 21-1272, space group 141/amd). No impurities could be
detected, meaning that single-phase TiO, powders were obtained. The crystal size of the TiO,
nanopowders were calculated by Scherrer and Williamson-Hall methods and these values are
presented in Tab. I.

Tab. I The unit cell parameters and unit cell volume, together with average crystallite size
<D> of anatase and microstrain obtained by Scherrer and Williamson-Hall method.

Unit cell Scherrer Williamson-Hall
Sample parameters method method
name a, c [A] <D> (nm) <D> Microstrain
VAT [nm] [%]
a=3.7820(2)
Ts00 ¢ = 9.509(7) 22.6(4) 26.2(0) 0.08(4)
V =136.01(1)
a=3.7806(2)
Tsso ¢ = 9.5034(7) 26.4(4) 32.3(2) 0.09(3)

V =135.83(1)
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Fig. 1. XRD patterns of TiO, (Tso and Tssg).

Tseo Sample has smaller crystallite size (Tab. I) compared to the Tsso. The slight
increasing of the crystallite size could be attributed to the change of temperature of
calcination. Their positions are slightly shifted, indicating a change in lattice parameters in
comparison to the bulk values for anatase which is accordance to values of crystallite sizes
(nanopowders).

500 nm
I

35.09 nm| 32.43 nm | 27.36 nm | 22.31 nm

15.15nm| 15.13 nm

Fig. 2. Top: SEM image of the conglomerated structure for Tseformed out of single
particles with an average radius of about 25 nm. The top image is magnified 400x. Bottom:
eight single particles on graphite substrate. The size of each image is 100 nm x 100 nm.The
magnification of each bottom image is 1Mx. The diameter of each particle is estimated to be

within £5 nm of the given value.
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The results of SEM measurements for Ty are shown in Fig. 2. It could be clearly
seen agglomerated structure which is accordance with the fact that pH value of gel equals
point of zero charge (PZC) for TiO, obtained from tetrabutyl titanate [13] promotes higher
agglomeration. Values of diameters of the individual particles in the sample Tsq are in the
range from 15-35 nm, whereas the average particle size is about 25 nm. The value of the
average particle size is comparable with the ctystallite size (26 nm) calculated by
Williamson-Hall method.

Nitrogen adsorption isotherms for TiO, samples, as the amount of N, adsorbed as
function of relative pressure at -196 °C, are shown in Fig. 3. According to the IUPAC
classification [14] isotherms of TiO, samples are of type 1V and with a hysteresis loop which
is associated with mesoporous materials. In all samples, the shape of hysteresis loop is of type
H2 which indicates a poorly defined shape of pores [15]. Specific surface areas calculated by
BET equation, Sger, are listed in Tab. 1l. Sger values, for all samples, lie within 16-32 m? g'l.
Specific surface slightly decreases with increasing the temperature of calcination.

25
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Fig. 3. Nitrogen adsorption isotherms, as the amount of N, adsorbed as function of relative
pressure for TiO, samples. Solid symbols - adsorption, open symbols — desorption.

Tab. 11 Porous properties of TiO, samples (Sger, Sgin).

Sample SeET=Smeso
[m*/g]
Tsoo 32
T5]_0 29
T520 28
Ts3o 24
T540 21
T550 16

Pore size distribution (PSD) of TiO, samples is shown in Fig. 4. Figure shows that
samples are mesoporous, with bimodal PSD for samples 500-530. PSD for 540 and 550
samples has a single peak. The most of the pores radius lies between 1.5 and 4.5 nm.
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Fig. 4. Pore size distribution (PSD) for TiO, samples.
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Fig. 5. Raman spectra of TiO, samples calcined at different temperatures with anatase modes
denoted. Inset: the spectral region of 220-380 cm™ with characteristic brookite modes.
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The Raman spectra presented in Fig. 5 have shown that dominant phase in all
investigated TiO, samples was anatase as the most prominent Raman features have been
assigned to this phase [16]: Equ) (145 cm™), Eq) (=199 cm™), B1g(~399 cm™), Ay and By,
(~518 cm™), and Eqs (639 cm™). The intensity of anatase modes increased when calcination
temperature increased. Also, blue shift and broadening of the most intensive anatase Egq,
mode were little bit smaller for the samples calcined at higher temperatures. Both of these
experimental findings confirmed well known fact that anatase nanocrystals were growing in
size with the increase of calcination temperature [7]. Besides anatase modes, some additional
features of very low intensity in the range from 220 to 380 cm™ (inset of Fig. 5) can be
ascribed to the Raman modes of brookite phase [17]: Ay (~247 cm™), By (=287 cm™), Byg
(~322 cm™), and B,y (~366 cm™). Low intensities and large line width softening modes
should indicate that brookite phase was highly disordered [7, 17]. This fact is the reason while
is the brookite phase invisible in XRPD analysis.

The photocatalytic activity of synthesized catalyst was studied using C.I. Reactive
Orange 16 (textile dye) and results are presented in Fig. 6. The time after the agitation 30 min
in dark is denoted as 0, and these concentrations are denoted as C,. The results are shown in

1.0 4
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_ < T=550
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Fig. 6. The kinetics of photodegradation of C.l. Reactive Orange 16 under UV irradiation
monitored in the presence of synthesized TiO, samples.

The photocatalytic process involves the separation of the electron-hole charge pair,
their transport and trapping to/at the surface, and, finally, their reaction with the desired
molecules. These processes always compete with the charge pair recombination. The
nanostructure signicantly affects these elemental processes based on several reasons. Apart
from a high surface-to-volume ratio, which must be beneficial for all chemical processes, the
first factor is, the quantum confinement and improved reduction/oxidation power. The second
factor is the practical absence of band bending and the consequent easier access of both
charged particles to the surface [18]. In our process of photocatalysis, the best results were
obtained with catalyst Tsyo, with decolourisation effectiveness comparable with Degussa P25,
almost 100 % after 90 min. There is no linear correlation between specific surface area of
samples calculated by BET method and their photocatalytic degradation. Specific surface area
of sample decreased with increasing temperature of the calcinations, while the behaviour of
the photodegradation did not follow this rule. Taking Figs. 4 and 6 in account for a discussion
about photocatalytic properties of TiO, series, maybe better explanation is the shape of the
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distribution of pores (Fig. 4). All samples showed mesoporous structure, while the
distribution and sizes were different. Applying Figs. 4 and 6, it could be notify tendency that
samples Ts1o and Tsyo have a similar shape of pores distribution and the highest photocatalytic
activity. The couple Ts4-Tsso had a similar shape of pores distribution and their
photocatalytic activity were also the similar. At the end, the couple Tse.Tssg had a similar
shape of pores distribution and their photocatalytic activity were the similar and the worst in
comparison to the other samples.

4. Conclusions

Mesoporous anatase nanopowders were synthesized by sol-gel method using
tetrabutyl titanate as precursor. The structural and morphological properties of these powders
were intentionally varied by temperature with the same duration of the calcination. The
analysis of XRPD data showed that rising crystallite sizes (from 26.2 to 32.35 nm, estimated
by Williamson-Hall method) with the rising temperatures of calcinations, and these results are
in accordance to SEM data. Raman scattering data confirmed the anatase as dominant TiO,
phase with a small amount of highly disordered brookite phase. The BET analysis showed
that specific surface area was decreased in the samples when the temperature of calcination
was increased. The sample calcined at 510 °C was displayed higher photocatalytic
performances in the degradation and it was showed almost the same properties as commercial
Degussa P25.
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Caoparcaj: [Ipaxosu mumanujym ouokcuoa (TiOy) ¢y dobujenu con-een mexnuxom nonasehu
00 mempabdymui-mumanama y3 eapuparbe memnepamypa kaayunayuje (00 500 to 550 T ca
kopaxom 00 10 C). XRPD pesyrmamu cy nokazanu 0a Cunmemucanu HaLonpaxosu noceoyjy
anamac ¢asy. Ananuza nomepaja u noaywupune HajunmesusHujee pamanckoe mooa Eg je
nomepouna XRPD pesyrimame u ymepouia ko0 ceux y3opaka nocmojarbe mane KOJIUduHe
BUCOKO Oe30pujenmucane gase dpyxuma. Anaruza cmpykmype nopa u3 eKCnepumMeHmaicux
nooamaka copnyuje azoma je noKazana NOCMOjare Me30nopd uuje ce cpedrbe Geludune
Kpehy y oncezy 00 1.5 do 4.5 nm. @omoxamanrumuuxe 0cobuHe HAHONPAX08a Cy MecmupaHe
oezpadayujom mexcmuane 6oje (C.l1. Reactive Orange 16). Vzopax kamyunucan na 510 <C je
noKasao Hajoosba homoxamanumuuxa ceojcmaa.

Kwyune peuu: nanonpaxosu; con-een; noposnocm; onmuuke ocooune; TiO,
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