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Abstract

Photocatalytically active titania thin films and powders were prepared via sol-gel route from TiCl, precursor. Organic
polymer hydroxypropyl cellulose was added into sol in order to increase active surface area. Thin films were deposited onto
substrates using dip-coating technique. Thin films and xerogels were thermally treated in a muffle furnace to a different
extent. Temperature of heat treatment was determined using thermogravimetry and differential scanning calorimetry, while
X-ray diffraction was used to identify the formation of the anatase phase, eventual presence of other crystalline formations
and the average particle size. The shape and size of the pores of the selected thin films were analyzed using SEM, while
specific surface area of selected thermally treated xerogels was determined using Brunauer—Emmett—Teller (BET) surface
area analysis. Measurements of photocatalytic efficiency of thin films and powders were performed by FT-IR spectroscopy;
for thin films on the basis of diminishing C—H stretching vibrations of model fatty compound methyl stearate during irradia-
tion with UVA light, while in the case of powders the oxidation of isopropanol into acetone was the model photocatalytic
reaction. Obtained results confirm that different factors, such as particle size, porosity, thickness of thin film, the presence
and type of crystalline titania modification have a substantial effect on photocatalytic efficiency of prepared titania materials.
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Introduction

Owing to its exceptional physico-chemical properties, i.e.,
chemical stability, inertness, white colour, high refrac-
tive index and non-toxicity in the micro-size level, TiO,
is the most widely used white pigment [1]. Photoinduced
processes, originated from its semiconductor properties,
become prominent with increasing specific surface area,
which is achieved by decreasing titania particle size. In this
perspective and due to its high activity, stability and low
cost, TiO, have been extensively used as a material for envi-
ronmental remediation purposes and for energy conversion
and remain the most widely used semiconductor for photo-
catalytic applications [2-8].
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Active species, such as superoxide and hydroxyl radi-
cal, are formed when UV light with the energy equal or
higher than that of the band gap irradiates the surface of
TiO, particle (in the case of anatase wavelength should be
lower than 380 nm). Both radicals are very reactive and ini-
tiate redox reaction with adsorbed organics, causing their
degradation into mineral substances, mostly CO, and H,O.
Parallel to above-mentioned reactions, photoinduced hydro-
philic conversion of the TiO, surface also takes place [9].
For the photocatalytic experiments, TiO, is mostly used in
a powder form [10]. In the case that heterogeneous photoca-
talysis occurs in a solid-liquid system, the major drawback is
the particle—fluid separation for the catalyst recycling. This
trouble can be avoided using immobilized titania thin film
on a support. Besides, harmful release of nanoparticles to
environment is also prevented. However, there are certain
drawbacks regarding the immobilization of TiO,, especially
lower photocatalytic efficiency due to the decreased catalyst
surface in immobilized TiO, [11].

Sol-gel method enables preparation of thin films as well
as corresponding xerogels. A translucent sol is formed after
hydrolysis of the TiO, precursor, which can be coated on the
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substrates and thermally treated at higher temperatures to
promote crystallization of photocatalytically active material.
On the other hand, photocatalytically efficient crystalline
titania powder can be prepared by thermal treatment of the
amorphous photocatalitically non-active xerogel, obtained
by drying the prepared sol. Alkoxide sol-gel route enables
easy preparation procedure, but high cost of the precursors
and strict control of the synthesis conditions limited the
commercialization on larger scale. If inorganic salts are used
as precursors, the acidic nature of TiO, sol limits the choice
of substrates [12]. Environmental interest for waste-water
and air treatment is oriented to development and optimiza-
tion of an inexpensive and technologically simple route for
the preparation of self-cleaning and superhydrophilic titania
thin films and powders, suitable for industrial production.
Some of the demands for such production can be met by
the particulate sol-gel method, where TiCl, is selected as
a precursor.

A degree of thermal treatment is very important step in
the preparation of photocatalytically efficient thin film or
powders. Not only the crystalline phase, but also the size
of the grains, crystallization degree and agglomeration of
particles determine the properties of the final material [13].
For preventing agglomeration and increasing surface area,
different organic polymers can be added to the sol. During
thermal treatment, their combustion leads to formation of
pores in the structure [14].

Two opposite effects influence the photocatalytic activ-
ity as particle diameter size of titania decreases: active sur-
face area for catalytic reaction is higher and in the semi-
conducting material recombination rate of photo-induced
electron—hole pairs decreases due to faster arrival to the
reaction sites on the surface [15]. However, results of dif-
ferent studies have shown that the photocatalytic activity
does not monotonically increase with decreasing particle
size. This was attributed to higher recombination rate in
samples with particle sizes, smaller than 6 nm [16]. On the
other hand, bandgap becomes wider with decrease in the
particle size, meaning that shorter wavelength is needed for
excitation [17]. Additionally, the amorphous fraction of TiO,
can also have a detrimental effect on photocatalytic activity
[18], while decreased photocatalytic efficiency is caused by
grain growth due to calcination at higher temperatures [19].
At elevated temperatures anatase crystalline phase begins
to transform to the most thermodynamically stable phase,
rutile, which has a little narrower bandgap with regard to
anatase (3.0 eV vs 3.2 eV) [20]. Lower number of hydroxyl
groups on the surface of rutile and also its lower oxidation
potential compared to anatase leads to decrease in its photo-
catalytic performance [21]. Anatase modification of titania is
therefore considered as the most photocatalytically efficient
[22] and due to the factors, which influence the activity, it is
reasonable to find an optimal crystallite size.
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The aim of the work was to monitor the crystallization
process during thermal treatment of sol-gel prepared thin
films and corresponding xerogels using thermogravimetry,
differential scanning calorimetry and XRD. The size of the
nano-crystallites was calculated from XRD patterns using
the Scherrer equation, while photocatalytic efficiency of thin
films and powders, thermally treated to a different degree,
was determined using two different methods. Within this
work, we demonstrated that with systematic approach and
modification of different parameters, such as temperature
and time of thermal treatment, and addition of organic poly-
mer, efficient photocatalytically active titania films and pow-
ders can be successfully prepared.

Experimental

Sol-gel synthesis and preparation of thin films
and powders

Sols were synthesized according to the following procedure:
cooled deionized water was acidified with 12 M H,SO, solu-
tion. Inorganic precursor TiCl, (Merck) with 10% excess
with regard to stoichiometric volume was added dropwise
into cold deionized water at 12 °C to obtain approximately
0.5 M concentration of Ti** ions. Temperature increased to
37 °C and pH decreased to 1.0. Solution was gently stirred
with a magnetic stirrer for additional 48 h to obtain trans-
parent sol which was stable for more than 6 months. 0.3
mass% of organic polymer hydroxypropyl cellulose (HPC,
M,, =105 g/mol, S-Aldrich) with regard to the mass of the
sol was added to the sol to increase the viscosity of the sol
and also the porosity after thermal treatment.

Thin films were prepared using a dip-coating technique.
Silicon resins, microscope-cover glasses and platinum foils
were used as a substrate. All used substrates are thermally
inert under temperature range used for the preparation of
thin films. The thickness of the thin film was modified by
changing the withdrawal speed; thicker thin films were
obtained using higher speeds. After deposition, substrates
with deposited films were left to dry; solvent evaporated
and the thin layer condensed into a gel. Thermal treatment
was performed in a muffle furnace at different temperatures,
i.e., 470 °C, 500 °C, 550 °C, 600 °C and 700 °C. Duration
of thermal treatment was from 15 to 60 min.

TiO, powders were prepared by thermal treatment of
xerogels, which were obtained by drying a certain volume
of the prepared sols. Temperature of thermal treatment was
630 °C, 700 °C and 750 °C; and duration was 30 min.
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Characterization

TGA analyses were performed on a Mettler Toledo TGA/
SDTA 851° Instrument in a temperature range from 25 to
750 °C. Heating rate was 5 K min~'. 150 uL platinum cru-
cibles were used. During the measurements, the furnace was
purged with air (100 mL min~!). Baseline was subtracted.
Thin films were deposited onto microscope-cover glasses
and after drying cut into small pieces, suitable for placing
into a crucible. Xerogels with the initial mass of around
5 mg were analyzed with the same temperature protocol.
In the case of TG-MS measurements, evolved gasses were
analyzed with a Pfeiffer Vacuum ThermoStar mass spec-
trometer, coupled to TGA/DSCI1 instrument. Gasses were
introduced into mass spectrometer via 75-cm long heated
capillary.

DSC analyses were performed on a Mettler Toledo
DSC 822°. Thin films were coated onto the platinum foil
(0.7 cmx 0.7 cm), dried and placed directly onto the ther-
mocouple. Bare platinum foil served as a reference. Xerogels
were weighed into 70 pL platinum pan; in this case, empty
pan served as a reference. The same measurement condi-
tions as for TG measurements were used except the upper
temperature, which was 700 °C.

FE-SEM analyses were performed using a Carl Zeiss,
Supra 35 VP field emission scanning electron microscope
(FE-SEM). FE-SEM was used to measure the thickness of
the thin film, morphology and to observe the porosity.

The qualitative and semi-quantitative elemental analyses
of thermally treated xerogels were performed by energy-
dispersive X-ray spectroscope (EDX, Oxford Instruments,
Great Britain) using the INCA software. The accelerating
voltage of 18 kV was used. Quantitative analyses were done
considering all elements analyses.

The BET surface area was measured by a surface area
analyzer via nitrogen adsorption—desorption isotherms at
liquid nitrogen temperature using a Micrometrics ASAP
2020 instrument.

XRD patterns were recorded using X-ray diffractometer
PANalytical X’Pert PRO (CuKa;, irradiation 1.5406 10\)
between 24 and 32 2 © with 0.034° per second and integra-
tion time of 500 s. Silicon resins with the size 22 X 22 mm?
were used as substrates. Crystallite size was calculated using
Scherrer formula from the broadening of the reflection at
25.4°26.

Photocatalytic efficiency of the prepared films was deter-
mined on the basis of a model pollutant methyl stearate
(MS) degradation, influenced by UV irradiation. For this
purpose, thin films were deposited on a silicon substrate.
After thermal treatment of titania thin films, model pollutant
was introduced on the surface. 0.1 M solution of methyl stea-
rate in 1-octanol was prepared and deposited by dip-coating
technique. Degradation of MS during UV irradiation was

monitored with FT-IR spectroscopy (Perkin Elmer Spec-
trum 100 spectrophotometer). Diminishing of peak heights,
originating from C-H stretching modes, was monitored with
increasing illumination time. UV irradiation chamber con-
sisted of 3 light sources with maximum intensity at 320 nm
and irradiation density 2 mW/cm?.

Photocatalytic activity of powders was determined
monitoring the oxidation of iso-propanol into acetone in a
homemade sealed reactor system. The system consists of a
cylindrical reactor, gas chamber, FT-IR spectrometer (Perkin
Elmer Spectrum BX with Timebase software), 300 W xenon
light source (Newport Oriel Instrument, USA), membrane
pump, PFTE tubes and molecular sieves. Method, described
in detail elsewhere [23—-25] was used. In the continuation,
the samples preparation and measuring procedure are briefly
described.

Selected volume of sol was poured into an ashing crucible
and left to dry. Xerogels were thermally treated for 30 min at
temperatures, based on the results of TG and DSC analyses.
Obtained powders were grinded in an agate mortar. 50 mg
of fine powders were dispersed in butanol and poured into
a petri dish with 50 mm diameter. After the solvent evapo-
rated, samples were dried in a laboratory dryer at 80 °C for
additional 10 min. As a reference, we have prepared P25
(Evonik) in the same way.

Individual sample was placed in a cylindrical reactor
chamber and hermetically closed using quartz glass. Work-
ing distance between sample and light source was approx-
imately 4 cm, while mean UV light intensity was 2 mW
cm™2. Air in the chamber was dried using molecular sieves
to obtain 25 + 5% relative humidity. All measurements were
carried out at 23 +3 °C. When we obtained desired condi-
tions gas flow, 3 pL of iso-propanol (approx. 700 ppm in
gaseous phase) was injected into the cell. Its concentration
was being decreased due to adsorption onto the sample and
the walls of the reaction chamber. When the concentration
of iso-propanol slowly stabilized, UV light was turned on.
Iso-propanol concentration decreased and at the same time
acetone concentration started increasing. Initial slope of the
formation of acetone presented the photocatalytic activ-
ity of powders. Absorbance bands for both iso-propanol
(951 cm™!) and acetone (1207 cm™') were monitored for
several hours. The activity of blank sample is zero what we
have proved in previous work [24].

Results and discussion
Thermal analysis
A comparison of TG-MS curves of the primary xerogel

(prepared without addition of HPC), and xerogel prepared
with addition of HPC, is presented in Fig. 1, together with
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Fig.1 a TG-MS curves of the xerogel, prepared without HPC addition; b TG and DSC curves of the same xerogel, together with MS signal for
water; ¢ TG-MS curves of the xerogel, prepared with HPC (0.3 mass%) and d TG and DSC curves of thin film (without HPC addition)

TG-DSC curves of the corresponding thin film (without
addition of HPC). Thermal decomposition of the primary
xerogel occurred in several successive steps (Fig. 1a). In
the first one, from room temperature to 180 °C, dehydration
occurred; evolution of water molecules is clearly seen from
the m/z=18 signal (Fig. 1b). In the next step, from 180 to
350 °C, water molecules are formed again; during this range,
dehydroxylation process most probably took place. The rate
of the mass loss is then slow to around 500 °C, but in this
region (350-500 °C) a signal m/z =64 indicates evolution of
SO,. In the last step, which is complete at 600 °C, chloride
and sulfate counter ions, present in the xerogel due to prepa-
ration procedure, evolve in the form of SO (m/z=48), SO,
(m/z=064), Cl, (m/z="T0) and HCIO (m/z=152), while water
(m/z=18) from the gaseous phase is consumed (Fig. 1b).
Oxygen atoms from water maybe replace counter-ions, while
hydrogen atoms could enable formation of hydroxyl groups
on the surface of TiO, particles. All described steps are
endothermic (Fig. 1b).

From the evolution of the diffractograms of intermedi-
ates (Fig. 2), it is obvious that crystallization of the anatase
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phase was possible after all of the counter ions were evolved.
Thermal decomposition of a xerogel, prepared with addition
of 0.3 mass% of HPC (Fig. 1c¢), is similar to decomposition
of a primary one (Fig. 1a). Evolution of SO and SO, begins
at approximately 50 degrees lower temperature, and there-
fore, this process is more overlapped with dehydroxylation;
besides, their formation took place in three successive steps.
During evolution of counter ions in the last step from 520
to 620 °C, a signal for CO, reflects thermal decomposition
of polymeric HCP. TG and DSC curves of thin-film sample,
deposited on a substrate, are presented in Fig. 1d). The rea-
son for very small mass losses on a TG curve is small sample
mass of the film, deposited on an inert substrate. In a thin-
film sample, thermal decomposition of counter ions occurs
at a lower temperature (onset temperature 490 °C) with
regard to corresponding xerogel (onset temperature 550 °C)
due to higher surface energy of nano-particles, while the
lower endset temperature originates from smaller sample
size. Similar behavior was already observed for nickel-oxide
thin films [26]. A DSC curve of a thin film, deposited on a
Pt substrate, shows intense exothermic peak due to anatase
crystallization during evolution of counter ions.

XRD analysis of thin films

On the basis of DSC curve of thin film showing that crystal-
lization of TiO, probably begins at around 470 °C, following
temperatures of thermal treatment were selected: 470 °C,
500 °C, 550 °C, 600 °C and 700 °C. Films were treated at
these temperatures for 30 min. The influence of duration of
heat treatment (15 min, 30 min, 45 min and 60 min) on the
anatase size grains was examined at 700 °C. Figure 2 shows
X-ray diffraction patterns of thin films, thermally treated
to a different degree, while in Table 1 the average anatase
crystallite size is given.

From Fig. 2, it is evident that exposure to 470 °C or lower
temperature is not sufficient to enable anatase crystalliza-
tion. Most probably the lowest temperature needed is 500 °C
since small grains (11 nm) are formed after 30 min. The size

of the crystallites increases with the increase in processing
temperature and reached nearly 30 nm after thermal treat-
ment at 700 °C (Table 1). Phase change from anatase to
rutile crystal modification occurred with increasing dura-
tion of thermal treatment at 700 °C. From Table 1, it is also
evident that the rutile particles are two to three times larger
from the anatase particles.

0.3 mass% of organic polymer HPC was added to sol
to observe its effect on the photocatalytic activity of thin
films and powders. Thermal treatment for 30 min at 550 °C,
600 °C and 700 °C was chosen. Results of XRD analysis
does not indicate significant differences in particle size of
thin films, treated at 550 °C and 600 °C, while anatase par-
ticles grew larger after 30 min thermal treatment at 700 °C;
and rutile crystal modification is already present (Table 1).

Field emission scanning electron microscopy
(FE-SEM)

Figure 3 represents plan and cross-sectional view of the film
without (a, ¢) and with addition of HPC (b, d). It is evident
that unmodified film does not contain pores; its surface is
smooth, while the addition of HPC creates micrometer pores
which are evenly distributed on the thin-film surface. After
application of pollutant, its molecules can enter into pores
and the surface for the photocatalytic reaction increased.
Cross-sectional view shows that the thickness of the films,
prepared from the unmodified sol, was around 100 nm while
the addition of HPC enables formation of slightly thicker
films (estimated thickness is around 130 nm).

Photocatalytic activity of thin films

FT-IR spectrum of thermally treated thin film (30 min at
700 °C), deposited on silicon substrate, is presented in
Fig. 4a—black curve). Peak at 1070 cm™! corresponds to
Si—O-Si asymmetric stretching vibration [27], we ascribe
its presence to oxide layer, formed on the top of the silicon
resin. Peak positioned at 455 cm™! corresponds to stretching

Table 1 Average particle size

. - Temperature of ther-
of anatase, obtained with XRD

Duration of thermal

Anatase particle size/nm Anatase particle size

; mal treatment/°C treatment/min (addition of 0.3 mass%
analysis HPC) /nm

470 30 Amorphous -

500 30 11 -

550 30 12 12

600 30 15 16

700 15 24 -

700 30 28 33; rutile present (110 nm)
700 45 30; rutile present (80 nm) -

700 60 35; rutile present (90 nm) -
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Fig.3 FE-SEM images of

thin films, thermally treated

for 30 min at 700 °C: a planar
view of the film, prepared from
unmodified sol; b planar view
of thin film, prepared with addi-
tion of 0.3 mass% HPC; ¢ cross-
sectional view for the unmodi-
fied films and d cross-sectional
view for the films, prepared

with addition of HPC
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Fig.4 a A comparison of FTIR spectra of bare thermally treated tita-
nia thin film (black curve) and after MS deposition (grey curve); b
diminishing of the bands, originating from the asymmetric and sym-

vibration of Ti—O bond. After dip-coating of a methyl-stea-
rate solution on the titania thin film and evaporation of the
solvent, FTIR spectrum was recorded again. A significant
absorption in the region from 3100 to 2700 cm™! happened
due to asymmetric (2920 cm™") and symmetric (2850 cm™)
methylene stretching modes.

Photocatalytic activity was determined ex-situ on the
basis of decreasing the intensity of the most intense peak,
positioned at 2920 cm™!. Thin films with deposited MS
were placed into UV irradiation chamber for selected time-
frames and after each irradiation period FT-IR spectra of
thin films were recorded. During irradiation, MS degraded
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metric stretching C-H vibrations in the region from 3100 cm™' to
2700 cm™" due to photocatalytic degradation of MS during UV-irra-
diation

and degradation degree (a) was calculated on the basis of
the following formula:

e))

where h, is the peak intensity after irradiation at a certain
time and h is the peak intensity prior to irradiation. Fig-
ure 4b shows evolution of the spectra with increasing irra-
diation time.

With the increasing temperature of thermal treatment,
the degradation rate of MS on TiO, surface increases
(Fig. 5a). Degradation process of MS on silicon substrate
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and on thermally untreated titania film also occurs to a cer-
tain extent only due to illumination with UV light, but the
degradation rate is low; degradation degree is lower than
10% after 90 min of illumination. Photocatalytic activity
is enhanced after thermal treatment at 470 °C for 30 min.
In this case, thin film is still amorphous; its photocatalytic
activity is therefore low (after 90 min a reaches 31%).
After crystallization of anatase phase (Table 1), photocata-
lytic activity became pronounced. In all cases, MS nearly
completely degraded after being exposed for 60 min to UV
light. The rate of MS degradation increased with increas-
ing temperature of thermal treatment. Anatase grains grew
larger in the case of higher temperature of thermal treat-
ment (500 °C—11 nm, 550 °C—12 nm, 600 °C—15 nm and
700 °C—28 nm). Specific surface area decreases; therefore,
lower photocatalytic efficiency was expected after thermal
treatment at 600 °C and 700 °C. But on the other hand, lower
degree of recombination due to the lower number of electron
traps and decreasing of the band-gap in the samples with

(a)
104
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= 087 —%—600 °C

5 —m—550°C

g o6t -~-3---500 °C

3 470 °C
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S 04t —m— Sj substrate

G

3

5 0.2+

[0

a ) e e
004 o u .

0 0 20 30 40 50 60 70 80 90

Irraditaion time/min

(©) 10}

higher crystallinity result in the opposite effect [28], which
seems to be predominant in our case.

Results of photocatalytic activity of titania thin films
treated at 700 °C (Fig. 5b) from 15 to 60 min show that
photocatalytic activity of thin films is influenced by vari-
ous different factors. In general, activity of these films is
similar, but there is no logical sequence in detailed course
of the measured curves. It seems that the most efficient
film was obtained with thermal treatment for 15 min in
which anatase particles reached 24 nm. Thin film, treated
for 30 min, exhibits the lowest efficiency (the size of
anatase particles is 28 nm) after 15 min of illumination,
but after that degradation rate increased and reached the
value of the previously described film. Both films totally
degraded MS after 45 min of illumination. Films which
were exposed to 700 °C for 45 min or 60 min already
contain rutile phase (Table 1), but their activity is com-
parable to the films previously described, which contain
only anatase phase. Partial crystalline transformation of
TiO, from anatase to rutile has lower effect than expected.

104 5 o
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Fig.5 The influence of a temperature of thermal treatment, b duration of thermal treatment at 700 °C and ¢ the HPC addition; on the photocata-
lytic efficiency of titania thin films, thermally treated at selected temperatures for 30 min
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On the basis of these results, we conclude that most prob-
ably, besides particle size and the presence of different
crystalline modifications, additional factors, for instance
thickness of thin film, also affect the photocatalytic activ-
ity. Figure 5c¢) shows a comparison in the rate of MS deg-
radation with titania thin films, prepared from the primary
sol and from the primary sol with addition of 0.3 mass%
of HPC. Results of XRD analysis show that there is no
significant difference in the size of anatase grains after
thermal treatment at 550 °C or 600 °C (Table 1). But in
both cases, the rate of MS degradation is faster in the case
of HPC addition, most probably due to higher thickness
of thin film and the presence of the pores (see Fig. 3).
The highest rate of MS degradation was obtained with
the films, thermally treated at 700 °C and with addition of
HPC. In this case, the size of the anatase grains was larger
(35 nm) compared with the film without addition of HPC
(28 nm), and rutile was also present (Table 1). MS was
degraded after 15 min of irradiation.

XRD and EDX analysis of xerogels

From the course of thermal decomposition of the xero-
gel (Fig. 1 a, b), we expected that anatase formation will
occur after heating the sample to 600 °C or higher. Figure 6
presents diffractograms of the xerogel samples, thermally
treated to the chosen temperature and left at the final tem-
perature for 30 min. Evolution of SO, during thermal treat-
ment leads to formation of TiOSO, phase (PDF 49-0467),
which is observed as intermediate phase after thermal treat-
ment at 400 °C, 500 °C and 600 °C. During the last step of
decomposition between 520 °C and 620 °C anatase, crystal-
line modification is formed. The size of the grains is given
in Table 2. In the case of thin film, anatase is formed already

| |
| IWWU j‘wjul\ijw 800 °C

@JM@WWMW 600 °C

WW%W WMMWJWWMWWMMM«MW 500 °C

Intensity/a.u.

10 20 30 40 50 60 70 80
20/°

N 4 Weosfetpparipsmaspiideetitn 300 °C

Fig.6 Diffractograms of xerogel samples, thermally treated at
selected temperature for 30 min. The most intense reflection of
anatase phase, positioned at 25.4°, is put into frame
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at 500 °C, whereas in the xerogel sample 100 degrees higher
temperature is needed for its formation.

The presence of sulfur and chlorine content in thermally
treated xerogel samples, used for photocatallytical efficiency
tests, was determined using EDX spectrometry. Results
are given in Table 3, showing that some sulfur remains in
the thermally treated samples; its content decreases with
increasing temperature of thermal treatment, whereas there
is no chorine any more in the prepared samples. It was
already confirmed with XPS measurements that sulfur was
intersticially doped into TiO, matrix [29].

Photocatalytic activity of powdered samples

Photocatalytic activity of xerogels without and with addi-
tion of 0.3 mass% of HPC and thermally treated at 630 °C,
700 °C and 750 °C for 30 min was studied. After the thermal
treatment, all obtained powders were white, indicating that
all organic additives decomposed. Particle sizes, obtained
with different thermal treatment protocols, are presented in
Table 4 together with the size of the anatase particles, spe-
cific surface area and photocatalytic activity. From the com-
parison of Fig. 6 and Table 4, it is evident that after 30 min
of thermal treatment at 630 °C TiOSO, phase disappeared
and B-TiO, (PDF 46-1237) is formed.

Table 2 Presence of crystalline phases and average particle size of
anatase in intermediate samples of xerogels, thermally treated at dif-
ferent final temperature

Temperature of thermal treatment/°C Anatase
particle
size/nm

300 -

400 -

500 -

600 5

700 19

800 32

Table 3 Sulfur contents in xerogel samples, thermally treated for
30 min at 630 °C, 700 °C and 750 °C

Sample Temperature of thermal mass

treatment/°C percentages

of S

Primary xerogel 630 0.97

700 0.32

750 0.27
Primary xerogel +0.3 630 1.04

mass% HPC
700 0.42
750 0.19
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Degradation rate of iso-propanol is increasing with the
increasing temperature of thermal treatment. Lowest photo-
catalytic activity possesses sample, thermally treated at the
lowest temperature, 630 °C and with addition of HPC. The
size of the anatase particles is 17 nm, and the sample still
contains some P-TiO,. Specific surface area (SSA) is around
105 m? g~ ! and is very similar to SSA of xerogel without
addition of HPC. However, activity of this sample is higher,
probably due to larger anatase grains (20 nm—Table 4).
With the increase in processing temperature to 700 °C, the
content of anatase, present in the sample, increases. Par-
ticle size also increased (33 nm), which results in smaller
active surface, around 70 m? g~!. The rate of iso-propanol
degradation is higher in the case of smaller anatase particles
(29 nm), which were obtained in the xergoel with the addi-
tion of HPC. Photocatalytic activity of both powders, ther-
mally treated at the highest temperature, 750 °C, increased.
In this case, the diameter of anatase particles is more than
40 nm, whereas SSA decreased to around 50 m> g_l. The
highest activity was obtained by sample with addition of
HPC and almost reached the one from commercially avail-
able P25. The results show that for good activity better crys-
tallinity is more important parameter than specific surface
area.

Discussion

Thermal analysis, in connection with X-ray diffraction,
proved to be powerful technique which enables to follow
crystallization of titania from amorphous phase, prepared
by sol-gel synthesis. When counter ions (in the case of our
study sulfate ones) started to evolve, detected as a mass loss
on TG curve and the observed decomposition is confirmed
with TG-MS coupled technique with evolution of SO, and

SO, crystallization process starts. Evolved gasses are more
easily detected in the case of xerogel samples, since the sig-
nal in mass spectrometer is higher due to sufficient quantity
of the evolved gas. Onset and endset decomposition temper-
atures usually differ when thermal decomposition of xero-
gel is compared with thermal decomposition of thin films
(under identical measurement conditions, i.e., heating rate,
atmosphere, rate of the purge gas) for several reasons: (1)
Thin films with a thickness of some tenth of nanometers can
be composed of nanoparticles with large number of surface
atoms, having high surface energy and are therefore more
reactive; thermal decomposition occurs at lower tempera-
tures. (2) Influence of substrate on the behavior and conse-
quently thermal stability of thin film with regard to xerogel
samples. (3) Low thickness of thin films, enabling fast dif-
fusion of the evolved gases on the surface of solid phase.
In this study, evolution of sulfate anions begins at 490 °C
(onset T) in the case of thin-film sample, supported on a
substrate, while for xerogel sample this temperature was at
550 °C. XRD analysis and measurements of photocatalytic
activity show that film, treated for 30 min at 470 °C, is still
amorphous. Exposure to 500 °C for 30 min enables forma-
tion of the anatase phase with the size of the particles of
11 nm. At higher temperatures of thermal treatment (550 °C,
600 °C and 700 °C), larger anatase particles were obtained;
the rate of pollutant degradation increased with increasing
size of the particles. Films, exposed to 700 °C for more than
30 min, contain both, anatase and rutile modification; but
the photocatalytic activity was nearly independent on the
presence of both phases. Time needed to completely degrade
model pollutant methyl stearate under UV illumination, was
90 min and 30 min using thin films, treated at 500 °C and
700 °C, respectively. Although the size of the anatase nano-
particles reached 28 nm in the latter case, and the specific
surface area decreased, better crystallinity in more thermally

Table 4 Temperature of thermal treatment, anatase particle sizes, specific surface area and photocatalytic activity of powders, obtained after

30 min of thermal treatment of selected xerogels

Sample Temperature of ther-  Anatase particle Specific Comment Photocatalytic
mal treatment/°C size/nm surface area/ activity/ppm h™!
m? ¢!
Primary xerogel 630 20 104 B-TiO, still present in small amount 740
700 33 69 B-TiO, still present, slightly observable 770
750 45 53 960
Primary xero- 630 17 104 B-TiO, still present in small amount 660
gel+0.3 mass%
HPC
700 29 73 B-TiO, still present, slightly observable 1080
750 41 51 1220
P25 Commercially 1320
available
sample
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treated films had predominant effect on the photocatalytic
efficiency.

In xerogel samples, formation of anatase phase begins
at higher temperatures with regard to thin films, i.e., at
600 °C. Therefore, prepared xerogels were thermally
treated at 630 °C, 700 °C and 750 °C for 30 min. Their
photocatalytic activity was observed by monitoring the
rate of isopropanol conversion into acetone. In most cases,
the increase in the processing temperature resulted in the
increase in the photocatalytic activity. Powders, which were
obtained from the unmodified sol and processed at 630 °C
and 700 °C contained also B-TiO,, which most likely is not
very efficient photocatalyst since photocatalytic activity of
powders not containing $-TiO, was higher. Anatase particle
size increased with the increasing temperature of thermal
treatment and ranged from 20 to 45 nm.

Conclusions

Photocatalytically active thin films and powders were pre-
pared by the sol-gel route using TiCl, as a precursor. Thin
films were deposited on a substrate by dip coating technique.
After silicon resins were coated with the prepared sol, the
system was left to dry and afterwards thermally treated. To
enhance photocatalytic activity, organic polymer hydroxy-
propyl cellulose was added to the primary sol. Powders were
obtained by drying the sol, followed by thermal treatment.

Sol preparation procedure was simple since neither cool-
ing nor centrifugation was required. Most complicated step
of the synthesis was dissolving TiCl, in the acidified water.
Stability of the prepared sols was good. The biggest draw-
back of the prepared sols is that they are suitable only for use
on acid-resistant surfaces (ceramics, glass, enamel).

With the help of coupled TG-MS measurement of xero-
gels and thin films, deposited on a substrate, onset tem-
perature of anatase formation from amorphous phase was
determined, confirmed with x-ray diffraction. At higher tem-
peratures crystallization occurs, and with increased time of
duration of thermal treatment, anatase grains grow or can
transform to thermodynamically stable rutile. Since several
factors (specific surface area, band gap and crystalline phase
present) influence the photocatalytic efficiency of titania,
optimal thermal treatment should be determined.

For thin films, photocatalytic efficiency was tested as the
rate of model fatty compound methyl stearate decomposi-
tion under UV illumination using ex-situ FTIR spectroscopy.
The highest rate of MS degradation was obtained with the
films, thermally treated at 700 °C and with addition of 0.3
mass% of HPC (MS degraded in 15 min of illumination).
Very high efficiency of these films, which contained anatase
particles with a diameter of 35 nm, and nearly three times

@ Springer

larger rutile particles, was ascribed to their porous structure
and larger thickness.

Photocatalytic efficiency of xerogels was tested as the rate
of isopropanol degradation under UV illumination using in-
situ FT-IR spectroscopy. Most photocatalytically active was
powder, prepared from sol with addition of 0.3 mass% HPC
and thermally treated at 750 °C, which almost reached activ-
ity of commercially available P25.

Results show that optimization of photocatalytic activity
is not usually straightforward and depends on a broad range
of different factors. Addition of HPC is promising for opti-
mizing photocatalytic activity of TiO,.
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