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Effects of Precipitation, Sol-Gel Synthesis Conditions, and Drying Methods on
the Properties of Nano-TiO, for Photocatalysis Applications
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A comparative study of TiO, powders prepared by precipi-
tation and sol-gel methods was conducted. Titanium tetra-
chloride and titanium tetraisopropoxide were used as the
starting materials for the precipitation and sol-gel processes,
respectively. The effects of the two different drying methods,
freeze drying and normal drying at 100 °C, of the precipitates
on the properties of the prepared TiO, powders were also
investigated. The effects of the synthesis methods on phase,
surface area, crystallite size, and photodegradation of meth-
ylene blue were studied by XRD, SEM, TEM, BET, and UV/
Vis techniques. It was found that the major phase of the syn-
thesized TiO, was anatase, but small amounts of the brookite
phase (<10 %) were found in some samples. The synthesized
anatase TiO, with no pretreatment was found to be stable
up to 600 °C for the samples prepared by the precipitation

method, whereas a small amount of rutile was detected for
the sample prepared by the sol-gel method when heated to
600 °C. Effects of the different processing methods on phase,
particle size, surface area, and photocatalytic activity were
not highly pronounced. However, the calcination tempera-
ture was found to have a strong influences on the properties.
As the calcination temperature increased, the size of the
crystallite and the percent degradation of methylene blue
were found to increase, whereas the surface area was found
to decrease. These results indicate the degree of crystallinity
has a greater effect on the photocatalytic activity than the
surface area for nano-TiO, synthesized by these methods.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Titanium dioxide, TiO,, is useful in various applications
ranging from pigments for paint!!-?! to dielectric, photovol-
taic,’ and gas sensor*3! applications. Recently, TiO, has
gained much attention as the material of choice for environ-
mental-related applications such as air purification,®! water
treatment,[”-8] and self cleaning!® due to its photocatalytic
properties, along with its stability and low cost.

The photocatalytic activity of TiO, depends on the avail-
ability of active sites, and, thus, depends on surface area,
surface defect, surface acidity, and degree of crystal-
linity.[>1% Besides the mentioned properties, the crystalline
structure of TiO, was also found to be important. TiO,
exists in three polymorphic forms: rutile, anatase, and
brookite, among which rutile is the thermodynamically
stable phase, whereas the latter two phases are metasta-
ble.l'' Previous work on TiO, photocatalysts suggested that
TiO, with the anatase structure exhibits substantially higher
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photocatalytic activity than TiO, in the amorphous or ru-
tile phases as a result of its slightly higher Fermi level, lower
capacity to adsorb oxygen, and higher degree of hydroxyla-
tion.['>131 Tt was also reported that highly crystalline ana-
tase had a higher adsorptive affinity for organic compounds
and exhibited a lower recombination rate than rutile.['*15
Some studies reported that a mixture of anatase and some
other phases such as brookite or rutile as the minor phase
offered a superior photocatalytic activity than a single-
phase TiO,.['%!7] In mixed phases, a study by Hurum et
al.'® showed that rutile, which has a smaller bandgap than
anatase (3.0 eV for rutile and 3.2 eV for anatase), could act
as an antenna that could produce charges under visible
light, and the generated charges could be stabilized by elec-
tron transfer to the anatase phase. Several reports suggest
that the optimum photoactivity is influenced by many dif-
ferent important factors, such as surface area and degree of
crystallinity, as mentioned above.

Because the properties of TiO, are highly affected by the
synthesis conditions and heat treatments, many processing
routes such as sol-gel,['”1 hydrothermal,?®! and hydrolysis
of inorganic salts®! have been proposed with the aim to
obtain desirable morphologies and properties. Efforts have
also been put forth to stabilize anatase above 550 °C to ob-
tain highly crystallized anatase; however, those efforts includ-
ing the use of the sulfate group during the synthesis.?%->?
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In this work, a more simple process with the aim to stabi-
lize nanocrystalline anatase TiO, by the precipitation
method along with a more complex sol-gel route are inves-
tigated. The effects of the different synthesis routes on the
crystal structure, morphology, surface area, and photocata-
lytic efficiency towards degradation of methylene blue are
studied. Freeze drying has been known as one of the drying
methods that could yield mixed oxides with large surface
areas.?! In this study, the effects of two different drying
methods, drying at 100 °C and freeze drying, on the proper-
ties TiO, are also investigated.

Results and Discussion

Phase Formation Analysis

Figure 1 top, middle, and bottom show XRD patterns of
the calcined TiO, powders prepared by the sol-gel method,
the precipitation method dried at 100 °C, and the precipi-
tation method freeze dried, respectively. It was found that
anatase TiO, was the major phase under all synthesis con-
ditions and at all calcination temperatures. For the sol-gel-
synthesized powder, a small amount of the brookite phase
between 6-7 wt.-% was found to coexist with the anatase
phase at temperatures between 400 and 500 °C, as observed
by the broad small peak at 26 = 30.8°. At 600 °C, small
peaks corresponding to rutile TiO, were observed and
decreasing relative intensities of anatase and brookite were
found. The weight percent of the newly formed rutile phase
at 600 °C was found to be 10 wt.-%.

For the powder prepared by the precipitation method,
the anatase phase was found to be stable even when heated
up to 600 °C for 2 h without any additional pretreatment.
However, there was a slight difference in the phases found
between the samples dried at 100 °C and the freeze dried
samples. Whereas it was found that anatase TiO, existed as
a single phase at all calcination temperatures for the freeze-
dried samples, and for the samples dried and calcined at
400 and 600 °C, a small amount of the brookite phase was
also detected for the sample dried at 100 °C and calcined at
500 °C. The appearance and disappearance of brookite at
different calcination temperatures might be explained by a
small activation energy (only 11.9 kJmol™!) for the transfor-
mation between the two phases.[*4]

It is to be noted that the transformation of anatase into
rutile, which was observed at 600 °C for the sol-gel-synthe-
sized sample but not for the precipitated samples, might
arise from the different synthesis method yielding samples
with different degrees of crystallinity at low temperature.
Figure 2 shows the XRD patterns of the dried but not cal-
cined samples synthesized by the sol-gel (top) and precipi-
tation (bottom) methods. Only short-range ordering was
found for the precipitated sample, whereas peaks corre-
sponding to the anatase and brookite phases could clearly
be seen. This early stage of crystallization might lead to a
faster increase in crystallite size in the sol-gel-derived sam-
ples relative to the precipitated samples. As when the size is
above the critical size (>35 nm) for the anatase or brookite
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Figure 1. XRD pattern of TiO, powders prepared by the sol-gel
method followed by drying at 100 °C and the precipitation method
followed by freeze drying at —45 °C at different calcination tem-
peratures.

phases to be stable, the more thermodynamically stable ru-
tile phase is expected to form.[>*! It was also reported that
the existence of brookite enhances the anatase to rutile
phase transformation due to high interfacial energy be-
tween the anatase and brookite phases.?>2%! In the sol-gel-
synthesized samples, a larger amount of the brookite phase
was found relative to that found in the samples produced
by the precipitation method.
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Figure 2. XRD patterns of the dried, but not calcined powders pre-
pared by precipitation (bottom) and sol-gel (top) methods.

Morphology and Crystallite Size Analysis

Images of the morphologies of the TiO, powders under
SEM are presented in Figure 3. It can be seen that all the
samples exist in a highly agglomerated form despite the syn-
thesis method used or the drying process employed; all sam-
ples were obtained as very fine powders with particle sizes
in the nanometer range.

Sol-Gel

Figure 3. SEM micrographs of the synthesized powder calcined at
400, 500, and 600 °C for 2 h.

Further investigation into the size and morphology of
the particle was investigated by TEM. From Figure 4, it can
be seen that for all samples, independent of the methods
and drying processes used, individual TiO, particles cal-
cined at 400 °C are less than 15 nm in size, whereas the ones
calcined at 500 °C are slightly larger in size (15-20 nm). For
the powder subjected to heat treatment at 600 °C, large par-
976
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ticles greater than 20 nm in size were obtained. The average
crystallite size obtained from both drying processes and
both synthesis methods was carried out from a fringe
pattern. The average crystallite sizes calculated from the
TEM micrographs and from the broadening of the XRD
peaks are presented in Table 1. The values from both meth-
ods are close to each other, although the values presented
from the XRD results are only from the (101) peak of ana-
tase TiO,. As the calcination temperature increased, the size
of the crystallite also increased, as expected. For the sol-
gel powder calcined at 600 °C where TiO, in the rutile form
was also found, the calculated particle size of the rutile
phase was found to be slightly larger, approximately 38 nm.
The results from this work are consistent with those of
Zhang, et al.,”¥ in which the critical size for the transfor-
mation into rutile is >35 nm.

Sol-Gel

20 nm

Figure 4. TEM micrographs of the synthesized powder calcined at
400, 500, and 600 °C for 2 h.

The surface area of the synthesized TiO, was found to
be in agreement with the results from the XRD and TEM
analysis (Table 2). As the calcination temperature increased,
the surface area was found to decrease. The surface areas
of the powders synthesized by the sol-gel method and the
precipitated freeze-dried powder are in the same range: 90—
100 m?g! for 400 °C, 70 m?>g! for 500 °C, and 30 m?g!
for 600 °C calcination temperatures. The precipitated pow-
ders dried at 100 °C have slightly smaller surface areas of
72, 57, and 23 m?g ! when calcined 400, 500, and 600 °C,
respectively.
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Table 1. Crystallite size of TiO, synthesized by the precipitation method, followed by different drying processes, and by the sol-gel

method.

Calcination Crystallite size from XRD [nm] Crystallite size from TEM [nm]
Temperature Precipitation / Precipitation / Sol-gel Precipitation / Precipitation / Sol-gel
[°C] 100 °C Freeze dried 100 °C Freeze dried

400 13 13 11 11 12 11
500 18 20 16 18 19 19
600 29 35 29 32 26 31
P25 21(anatase) 27

37 (rutile)

[a] Calculated from the (101) peak of the anatase phase only.

Table 2. Surface area and photoactivity of TiO, synthesized by the precipitation method, followed by different drying processes, and by

the sol-gel method.

Calcination Surface area [m?>g '] Degradation of methylene blue [%0]
Temperature Precipitation / Precipitation / Sol-gel Precipitation / Precipitation / Sol-gel
[°C] 100 °C Freeze dried 100 °C Freeze dried

400 72 98 94 21 15 15
500 57 75 72 34 19 32
600 23 36 30 39 45 44
P25 59 38

Photocatalytic Activity Analysis

The effects of the preparation method, calcination tem-
perature, particle size, and surface area of the prepared
samples on photocatalytic activity were investigated. The
results are shown in Table 2. Photocatalytic performances
of the powders were tested against commercial TiO, (De-
gussa, P25) for comparison. By comparing the photocata-
lytic activities of the samples prepared by the precipitation
and sol-gel methods, although the different methods yield
a slightly different particle size and surface area, it was
found that no significant difference in photocatalytic ac-
tivity between the different synthesis methods could be ob-
served. Calcination temperature, however, seemed to have a
strong effect on the degradation of methylene blue. As the
calcination temperature increased from 400 to 600 °C, not
much phase change was observed. However, a significant
increase in particle size and a significant decrease in surface
area were found. Photocatalytic activity was also found to
increase with an increase in calcination temperature.

This is in contrast to what was observed in some earlier
reports where higher surface areas resulted in a larger area
for reactions and, thus, higher activity or increased particle
sizes resulted. Therefore, by lowering the surface area, the
number of hydroxy groups on the surface of the catalyst is
reduced, which results in lower catalytic activity.?’-2°]

The results, however, could be explained by looking at
the effects of different steps that occur during the photo-
catalytic reactions, which can be divided into two main
parts.3% The first part involves what occurs in the TiO,
particles, and this includes photon absorption, electron—
hole generation, and electron—hole trapping. The second
part involves foreign species and reactions at the surface;
this includes, surface absorption and radical formation, re-
actions of the surface species with pollutants, and removal

Eur. J. Inorg. Chem. 2008, 974-979

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of reacted species. The first part is mainly affected by pa-
rameters of the materials such as phase, degree of crystal-
linity, bulk, and surface defects. The second part, however,
is likely to be mainly affected by parameters such as surface
acidity, surface area, concentration of the pollutant, and so
on. Both parts will always be in competition, as small, high-
surface-area particles are usually associated with Iess-
ordered structures and a high concentration of defects,
which favor the recombination of electrons and holes, which
in turn leads to poor photoactivity;® a surface area that is
too low will not provide enough sites for absorption. In our
case, the observation of increasing photocatalytic activity
with increasing calcination temperature, decreasing surface
area, and increasing crystallite size combined with the lack
of differences in the phases of the different powders indi-
cates that the first step in the photocatalysis reaction is the
limiting step. The efficiency of the synthesized powder in
the degradation of methylene blue was found to be slightly
higher than that of the commercial P25 when calcined at
600 °C.

Conclusions

An attempt to synthesize stable anatase TiO, with no
pretreatment was successful in this study. Anatase was
found to form at an early stage of synthesis for the sol-gel
method and was found to be the major phase in all samples
synthesized. Anatase was found to be stable up to 600 °C,
and small amounts of brookite existed as the minor phase
in some of the samples. Phase transformation of anatase
into rutile was only observed in the sample synthesized by
the sol-gel method when calcined at 600 °C. As the calci-
nation temperature increases, crystallite size increased and
surface area decreased as expected. Different synthesis
methods, precipitation and sol-gel, and drying processes,
971
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normal drying at 100 °C and freeze drying at 45 °C, on the
properties of TiO, powders were not found to have a strong
influence on crystallite size, surface area, and photocata-
lytic activity. Photocatalytic activity, however, was highly
dependent on the calcination temperature, which is directly
related to the degree of crystallinity.

Experimental Section

TiO, powders were prepared by the precipitation and sol-gel meth-
ods. For the samples prepared by precipitation method, titanium
tetrachloride (6.8 mL, 99 % TiCly, Merck) was hydrolyzed by slowly
adding the chloride solution onto ice cubes (30 mL of DI-water)
and stirring vigorously until a clear solution was obtained. Ammo-
nium hydroxide solution (25 mL, 30% NH,OH, Merck) was then
slowly added to the mixture with constant stirring until a white
precipitate formed. The precipitate was then washed with deionized
water several times until pH 8 was reached to eliminate chloride
and ammonium ions. The drying step was done in two different
ways: freeze drying (45 °C) for 24 h and drying in air at 100 °C
for 72 h. The white powders were calcined at 400, 500, and 600 °C
for 2h to obtain TiO, powder. For the sol-gel method, titani-
um(IV) isopropoxide precursor (45.3 g, TTIP, Fluka) was diluted
in 2-propanol (12.5 mL, IPA, Fluka), and 0.1 m HNO; (75 mL,
HNO; 65%, Lab-Scan) was added to the mixture, which resulted
in immediate precipitation. The precipitate was peptized at 60 °C
for 8 h in a reflux system. The solution was then left to stir at room
temperature for 12 h, followed by the evaporation of 2-propanol
and water at 55 °C for one week to obtain xerogel. Calcination of
the precipitated powder and the xerogel was carried out at 400,
500, and 600 °C for 2 h in air to obtain TiO, powder.

X-ray diffraction analysis (XRD, Cu-K,, JEOL JDX-3530) was
performed to study the crystal structures, crystallite sizes, and
phase formations of the prepared samples. The crystallite size of
the samples was determined by the Sherrer equation:
Ik
B cost

where 0 is the Bragg’s angle, B is the broadening of the peak at
half maximum intensity, L is the crystal size, and k& is the constant
=~ (.94. The amount of each phase was quantified by the equations
proposed by Zhang, et al.:*4

Ir
WR =

Iy + kala + kply

kal

W, = ada
IR + kAIA + kBIB

kgl

Wy BB

- Ix + kala + kgl

where Wy, Wy, and Wy represent the weight fractions of the rutile,
anatase, and brookite phases, respectively; I is the integrated in-
tensity of the (110) rutile peak; I, is the integrated peak intensity
of the (101) anatase TiO,; and [y is the integrated intensity of the
(121) brookite peak; k, is equal to 0.886 and kg is equal to 2.721.

The morphology and crystallite size of the TiO, powders were in-
vestigated by scanning electron microscopy (SEM, JEOL JSM-
6310F) and transmission electron microscopy techniques (TEM,
JEOL JEM-2010). Specific surface areas of the samples were deter-
mined by the Branauer—Emett-Teller (BET) method (Autosorb,
Quantachrome).
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The photocatalytic activity of TiO, was evaluated by investigating
degradation of methylene blue (MB, Riedel-deHaén), which was
used to represent a pollutant. For the photodegradation investiga-
tion, TiO, powder (5 mg) was added to an aqueous solution of
methylene blue (6.25X 103 M, 10 mL). The sample was stirred con-
tinuously while it was irradiated with UV light (long-wavelength
mode; 365 nm) for 2 h. After irradiation, the mixture was centri-
fuged at 8000 rpm for 5 min to remove TiO, particles, and a clear
solution was obtained. Degradation of the pollutant was then de-
termined by measuring the absorbance of methylene blue of each
decanted solution by using a UV/Vis spectrophotometer (JASCO
V-530) at Ay, = 661 nm.
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