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Abstract

Nanocrystalline aerogel TiO, photocatalysts prepared by a facile epoxide sol-gel synthesis followed by subsequent supercritical drying and
thermal processing were studied in regard to their performance in the photocatalytic degradation of phenol. Xerogel TiO, catalysts obtained by
direct drying were also examined. A variety of techniques including N, adsorption, XRD, DRIFTS, TEM, and DR UV-vis were employed to
characterize the microstructural and surface properties of the as-obtained aerogel and xerogel TiO, samples. It is shown that the aerogel samples
showed particular advantage in controlling the microstructural properties in terms of crystallite size, surface area, crystallinity as well as anatase and
rutile phase composition, which are responsible for the high activity of these photocatalysts. The aerogel sample obtained by calcination at 650 °C
afforded the highest specific activity for photodegradation of phenol, which is also found to be far superior to that of the commercial photocatalyst

Degussa P-25.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis utilizing semiconductor mate-
rials has recently emerged as an efficient and viable technology
for the reduction of global atmospheric pollution and the purifi-
cation of polluted water [1-5]. The process involves excitation
of a semiconducting material by light irradiation, which leads
to the generation of electron-hole pairs that have the potential
to initiate redox reactions that degrade the contaminant organic
compounds. A large variety of oxide and sulfide-based semicon-
ductors capable of photodegradation of the contaminant organic
compounds have been reported in the literature [2—4]. Among
them, titanium oxide appears to be the most promising and suit-
able system for photocatalysis owing to its low cost, ease of
handling and high resistance to photoinduced decomposition [5].
Extensive researches on the photochemistry and photophysics
of TiO; have shown that the effective performance of a TiO»
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photocatalyst depends on a number of factors such as the crystal
structure, the crystallinity, crystalline size, surface functionality,
and most importantly, the surface area and the surface accessi-
bility of the catalyst [6-8].

The use of sol-gel synthesis as a convenient and practical
method for the preparation of nanostructured TiO, with tailored
microstructural properties is well documented in the field of
heterogeneous catalysis [9-12]. The advantages of the sol-gel
technique are molecular-scale mixing of the components, high
purity of the precursor, and homogeneity of sol-gel products
with high uniformity of physical, morphological and chemical
properties [10,11]. This method is mainly based on the hydroly-
sis and polycondensation of a metal alkoxide, which ultimately
yields hydroxide or oxide under certain conditions [12]. To
obtain homogeneous macromolecular oxide networks for qual-
ified nanomaterials in sol—gel processing, control of hydrolysis
is essentially important [13]. In the case of titania, titanium
alkoxides have been widely used as titanium sources to prepare
uniform TiO; materials by using alcohol or some other chelating
agents to control hydrolysis [14,15]. Of particular recent interest
is the surfactant or template-based sol-gel approach [16-18],
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which can allow the fabrication of ordered mesoporous TiOy
materials with tunable pore diameters and a high surface area.
However, these materials are usually thermally unstable, which
greatly compromised their potential applications [18].

Recently, highly porous titania-based aerogels have attracted
considerable attention as high performance photocatalysts
because of their much larger specific surface areas and higher
porosities than conventional sol-gel-derived TiO, materials
[19,20]. With regard to the synthesis of aerogel materials, the
preparation process generally involves two consecutive syn-
thetic procedures comprising an initial sol-gel process followed
by subsequent solvent removing step under various supercrit-
ical conditions [21]. The main motivation for combining the
sol-gel technique with a supercritical drying technology was
due to the easily controllable preparation of solid products
with interesting textural, chemical and morphological proper-
ties [22,23]. In this respect, a number of recent literatures have
focused on the development of a variety of high temperature
or low temperature supercritical drying methods applicable to
the preparation of nanocrystalline titania-based aerogels with
optimized photocatalytic activities [24,25]. The most promising
results have been achieved by the high-temperature supercritical
drying techniques based on alcoholic solvents such as ethanol
or isopropanol, which can readily allow the direct fabrication
of nanocrystalline anatase TiO, aerogel powders highly effec-
tive for the photocatalytic degradation of phenolic compounds
[26,27].

Concerning the sol-gel process employed for preparing the
monolithic wet alcogels subjected to subsequent supercriti-
cal drying, titanium alkoxides have been the most frequently
used precursors because of their high sol-gel reactivity [27,28].
Recently, a new highly versatile “alkoxide free” sol-gel method
using simple inorganic salt precursors has been developed by
researchers at Lawrence Livermore National Laboratory [29].
By using epoxides as the gelation agents, this method elimi-
nates the need for the often-difficult preparation and handling
of metal alkoxide precursors thus being an attractive comple-
ment to traditionally prepared sol-gel materials. A variety of
transition, main group and rare earth metal oxide aerogels have
been successfully prepared by this method [30-32]. However, to
the best of our knowledge, there has been no work dealing with
the synthetic preparation of nanocrystalline TiO; aerogel mate-
rials via the above-mentioned “nonalkoxide sol-gel” method.
Moreover, knowledge on the photocatalytic behavior of as well
as thermal stability of the TiO, aerogel materials obtained by
epoxide sol-gel method has not yet been reported.

In the present study, we report that highly photoactive
nanocrystalline TiO; aerogels with a partial control of the pore-
solid architecture and the nanocrystalline phase can be syn-
thesized by supercritical drying of the alcogels formed via a
facile epoxide-mediated sol-gel method (Scheme 1) followed
by subsequent calcination at elevated temperatures. A num-
ber of processing parameters that control the morphology and
structural properties of the aerogel TiO, samples have been
examined. Special attention has been paid to the comparison
of the photoactivity and the microstructural properties of the
aerogel and xerogel products derived by the epoxide-mediated
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Scheme 1. The reaction scheme proposed for the epoxide-mediated sol—gel
process.

sol-gel method. A comparison of the photocatalytic properties
of the present aerogel/xerogel samples with that of commercial
photocatalyst Degussa P-25 was also presented.

2. Experimental
2.1. Sample preparation

The present epoxide sol-gel preparation of TiO, gel was
based on the synthetic route for preparing Fe,O3-based aero-
gel materials elaborated by Gash et al. [29]. Firstly, titanium
chloride (TiCly, Aldrich, 98%, 1.8 g) was dissolved in abso-
lute ethanol (SCR, 99.85%, 20.0 ml) followed by an immediate
addition of 0.51 ml water. After stirring for 15 min, 3.3 g of
propylene epoxide (PO) was added drop-by-drop to the titanium-
containing alcoholic solution at room temperature under con-
tinuous stirring (100 rpm). The titanium/water/epoxide molar
ratio was 1/3/6. Within 5—6 min, monolithic, translucent TiO,
alcogel was obtained. The resulting gel was aged for 12h at
room temperature. The translucent alcogels were then sub-
jected to a series of solvent exchanges in anhydrous ethanol for
3 days.

To obtain the monolithic aerogel from alcogel, we per-
formed drying under supercritical conditions of carbon dioxide
(T, =31°C, P.=73.8bar). When the pore liquid is removed
as a gas phase from the interconnected sol-gel network under
supercritical conditions (critical-point drying method), the net-
work does not collapse and a low-density aerogel is produced.
The alcogel was put into a stainless steel autoclave (150 ml in
volume). The solvents present in the alcogel (EtOH and trace
amount of HyO) were replaced with liquid CO, and then, the
system was brought to above the critical point for 300 min, at a
pressure of 80 bar and a temperature of 40 °C. After supercrit-
ical drying, off-white monolithic TiO, taking the shape of the
container was obtained.

Direct drying for obtaining the xerogel powder has been
achieved by exposing the solvent-exchanged alcogel to ambi-
ent conditions for 24 h followed by air-drying the sample in an
oven at 80 °C for 2 more days. To remove most of the organic
residues, calcination of the as-obtained aerogel and xerogel sam-
ples was carried out in a muffle oven in air at 400, 500, 600, 650
and 700 °C for 4 h, respectively.

Throughout this work, a set of abbreviations is used: TA-AS,
TA-400, TA-500, TA-600, TA-650 and TX-700. The T refers to
titanium used to form the TiO, sample, A to the supercritical
drying in carbon dioxide and X the direct drying under ambient
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conditions. The heating temperature is indicated at the end of
each reference.

2.2. Sample characterization

The textural parameters have been measured using the BET
method by N» adsorption and desorption at 77 K in a Micromerit-
ics TriStar system. Transmission electron micrographs (TEM)
was recorded digitally with a Gatan slow-scan charge-coupled
device (CCD) camera on a JEOL 2011 electron microscope
operating at 200 kV. The samples for electron microscopy were
prepared by grinding and subsequent dispersing the powder
in acetone and applying a drop of very dilute suspension on
carbon-coated grids. The X-ray powder diffraction (XRD) of the
samples was carried out on a Germany Bruker D8 Advance X-ray
diffractometer using nickel filtered Cu Ko radiation with a scan-
ning angle (260) of 10-80°, and a voltage and current of 40 kV and
20 mA. The average size of anatase TiO; crystallites was esti-
mated by means of the Scherrer equation from broadening of the
(101) anatase reflection. Estimation of the content of anatase
is based on: Xa =1/[1+ 1.265Ir/I5] x 100%, where I is the
(101) peak intensity of anatase, Ir the (1 10) peak intensity of
rutile, and 1.265 is the scattering coefficient. Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) characteri-
zation of the catalysts was performed using a Bruker Vector 22
instrument equipped with a Harrick diffuse reflectance cell fit-
ted with KBr windows and a thermocouple mount that allowed
direct measurement of the sample temperature. All spectra were
collected in nitrogen atmosphere at 150 °C. Diffuse reflection
(DR) UV-vis spectra were recorded on a Shimadzu UV 2450
spectrophotometer using a diffuse reflection cell. BaSO4 was
used as a reference.

2.3. Photocatalytic degradation of phenol

Photodegradation of phenol in water has been chosen as a test
reaction. The laboratory irradiation experiments were performed
in a self-constructed photoreactor (see Fig. 1) consisting of a
cylindrical quartz flask (diameter 50 mm, length 180 mm) placed
in the middle of an internal aluminum-foil lined steel cylinder.
The temperature of the suspension system was controlled around
25 £ 0.5 °C by circulating cooling water. The used source of UV
irradiation was two high-pressure mercury lamps enclosed in a
glass filter bulb (HPW, 150 W, Philips) whose emission consists
to 93% of 365 nm radiation.

Briefly, an amount of 400mg of the catalyst was dis-
persed in 300 ml of the phenol (SCR, 99%) aqueous solution
(C=0.60 mmol/l). Before use, the TiO; suspension was soni-
cated for 5 min with a sonicator (Brandson, 240 W, 2 kHz). The
pH of the resulting suspension was taken as the initial value
and under the experiment was kept at 7.0. The prepared suspen-
sion was then magnetically stirred for about 30 min under the
condition of oxygen bubbling (50 ml/min) in dark to achieve
the adsorption/desorption equilibrium. At regular irradiation
intervals, the dispersion was sampled (ca. 1ml), centrifuged
and subsequently filtered through a Millipore filter to remove
the photocatalyst sample before the HPLC analysis (5 pm,
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Fig. 1. Experimental setup for the photoreactor.

50 mm x 4.6 mm, Akzonobel KR100-5C18 ODS column, 50%
methanol-water mobile phase, UV detector), from which the
phenol degradation yield (%) was calculated by comparing the
initial content of phenol in the solution.

The kinetic analysis was performed in terms of modified (for
solid-liquid reactions) Langmuir—Hinshewood kinetic treat-
ment [33-35]. This mechanism results in pseudo-first-order
kinetics at the photostationary state. The reaction order con-
stant for photodegradation of phenol in water suspension was
calculated.

3. Results
3.1. Physicochemical features of the TiO samples

The specific surface area (Spgr) and the cumulative pore
volume of the as-synthesized titania aerogel sample have been
found to be 464 m? g~ and 2.06 cm> g~!, respectively, consis-
tent with the previous reports of alkoxides-derived titania aero-
gels [20,36,37]. The N; adsorption/desorption isotherms as well
as the pore size distribution of the as-synthesized aerogel sam-
ple unambiguously reveal the characteristic three-dimensional
foam-like structure of the aerogel materials. Table 1 shows the
variations of the surface area and pore volume for the aerogel
and xerogel samples as a function of calcination temperature.
It is seen that the SggT of the calcined aerogel TiO; is signifi-
cantly lower than that of the as-synthesized sample and decreases
with increasing calcination temperature. This decreasing trend
is also shown by the data for the xerogel samples. Notice that
the Sggt of all the aerogel catalysts are much higher than their
xerogel counterparts in the whole range of temperature studied.
The results in Table 1 also clearly indicate that the calcination
at elevated temperatures would cause a continuous loss of the
pore volume of the aerogel materials, but it remains significantly
higher than the pore volumes of xerogel materials prepared by
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Table 1

Physicochemical and photocatalytic properties of the aerogel and xerogel TiO, materials obtained by the epoxide sol-gel method

Sample (nm) Sper® (m?> g~ Vp? (cm3 g1 D,* (nm) d® (nm) Anatase:rutile © Degradation yield? (%)
TA-AS 464 2.06 23.2 — - -
TA-400 116 0.62 9.0 8.6 100:0 88.7
TA-500 929 0.5 14.9 11.8 100:0 74.6
TA-600 64 0.4 18.3 16.9 95:5 86.9
TA-650 36 0.25 235 22.0 72:28 91.9
TA-700 5 0.07 30 - 4:96 4.76
TX-AS 276 0.042 2.1 — - -
TX-400 57 0.147 9.0 12.9 100:0 68.6
TX-500 34 0.107 8.9 16.8 100:0 59.0
TX-600 7.9 0.038 10.9 28.6 95:5 11.4
TX-650 2.5 0.013 6.5 34.7 30:70 4.75
TX-700 0.9 0.002 23.1 - 0:100 0
P-25 55 0.20 20 20.0 70:30 82.2

& BET surface area (Sggt), average pore volume (V},) and average pore diameter (D)) of the aerogel and xerogel samples estimated from nitrogen adsorption.
b Average crystallite size (d) of anatase titania nanoparticles estimated from Scherrer equation.

¢ Ratio of anatase to rutile based on XRD data.
4 Percent of degraded phenol after 120 min irradiation time.

the direct drying method. Moreover, one can notice that the
effect of the calcination temperature on the specific surface
area for the present epoxide-sol-gel derived aerogel TiO, mate-
rial is less dramatic than the reported one for its conventional
alkoxide-sol—gel-derived counterpart in the literature [26,27]. It
is remarkable that upon calcination at 600 °C, the aerogel sam-
ple still presents a large surface area of 64 m” g~!, indicating
that the original aerogel structure has been well preserved even
after a high temperature calcination. Thus, it can be concluded
that thermally stable aerogel TiO; materials with a high surface
area and large pore volume were obtained in the present study.

Fig. 2 compares the XRD patterns of the aerogel and xero-
gel titania samples prepared by the present epoxide sol—gel
method. Both the as-synthesized samples derived by aerogel
and xerogel approach are completely amorphous to X-rays, as
seen in Fig. 2. After calcination in air at 400 °C for 4 h, the
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Fig. 2. XRD patterns of the TiO, aerogel (A) and xerogel (B) samples calcined
at various temperatures: (a) as-prepared; (b) 400 °C; (c) 500 °C; (d) 600 °C; (e)
650 °C; (f) 700 °C. The peaks marked A and R represent the anatase and rutile
phase, respectively.

TiO, samples exhibited well-defined diffraction peaks charac-
teristic of anatase phase titania. The significant amount of peak
broadening observed is due to the nanocrystalline nature of
the calcined aerogel. Calcination at elevated temperature in the
range of 400—600 °C resulted in a progressive sharpening of the
diffraction peaks, indicating a continuous enhancement of the
crystallization degree of the anatase phase. From a comparison
of the diffraction peaks of anatase in these samples, one can find
that the diffraction peaks of anatase for aerogel samples are much
broader and lower as compared to their xerogel counterparts,
implying a much smaller anatase crystallite size achievable in
the aerogel materials. Moreover, several new weak diffraction
bands corresponding to the rutile phase were also observed in
Fig. 2e, suggesting the occurrence of an appreciable transforma-
tion of the anatase to rutile phase in the 650 °C-calcined samples.
Further calcination of the samples at temperatures above 650 °C
results in the total replacement of anatase by rutile for both aero-
gel and xerogel materials. The marked difference in the weight
ratio of both phases as well as the average crystallite sizes esti-
mated by Scherrer equation for the aerogel and xerogel samples
has been tabulated in Table 1.

It is well known that metal oxides obtained by drying the
metal hydroxide alcogel precursors under supercritical condi-
tions could often contain a certain amount of carbonaceous
residues. Diffuse reflectance FTIR spectroscopy (DRIFTS) has
been employed to follow the variation of the surface properties of
the epoxide sol—gel derived aerogel and xerogel TiO; samples as
a function of calcination temperature (Fig. 3). The spectra for all
samples show one broad band near 3300 cm™! and another one
near 1625 cm~! which correspond to surface-adsorbed water
and hydroxyl groups [38]. Absorption in the spectral range of
400-900 cm ™! has been assigned to the surface vibrations of the
Ti—O bonds [26]. As shown in Fig. 3, the original xerogel and
aerogel samples have more surface-adsorbed water and hydroxyl
groups than the annealed samples. However, the IR spectra of
the original xerogel and aerogel samples (Fig. 3a and d) show
significant peaks around ~2931, ~1400 and ~1063 cm™~! corre-
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Fig. 3. DRIFT spectra of the xerogel (a—c) and aerogel (d—f) TiO, materials: (a
and d) as-synthesized, (b and e) calcined at 400 °C for 4 h, and (c and f) calcined
at 500 °C for 4 h.

sponding to the remaining organic-moieties on the surface of the
as-prepared samples, which practically disappear after thermal
treatment. Notice that the spectra for samples TX-400 and TA-
400 show much weaker vibrational features around 3000 cm™",
suggesting the presence of only trace amount of carbonaceous
residues on the 400 °C-calcined aerogel and xerogel samples.
Further calcination at 500 °C results in the total disappearance
of the absorption features around 2931 and 1400 cm ™! in spectra
of Fig. 3c and f, demonstrating unambiguously the clean surface
nature for the aerogel and xerogel sample calcined at 500 °C for
4 h. At the same time, absorption peaks relative to Ti—-OH bonds
(nearly 1385 cm™!) were also observed for the calcined aerogel
and xerogel samples [39]. Such Ti-bonded OH groups are favor-
able for generating and maintaining the photocatalytic activity
of crystalline TiO, materials [40].

Transmission electron microscopy was used to further exam-
ine the particle size and morphology of the aerogel and xerogel
TiO, samples. An extended nanoparticulate network showing
an airy sponge like morphology is observed for the as-prepared
aerogel TiO, sample (Fig. 4a), in sharp contrast to the highly
contracted porous network as identified for the as-synthesized
xerogel sample (Fig. 4d). Following calcination at 400°C,
loosely aggregated spherical nanoparticles with the similar par-
ticle size around 8—10 nm were observed for the aerogel sample
(Fig. 4b), suggesting that the extended network of the origi-
nal aerogel sample can be partially retained after calcination.
After calcination at 650 °C, larger particles (20-30 nm) and even
big lumps were observed for the aerogel sample because of the
gathering of small particles at high temperature. As a compari-
son, much larger particles with severe particulate agglomeration
can be observed from the TEM images of the calcined xerogel
samples (Fig. 4e and f), demonstrating the less thermally sta-
ble nature of the xerogel sample obtained by the direct drying
method.

Fig. 5 shows the UV-vis diffusion reflectance spectra of
the aerogel and xerogel TiO, samples prepared by the epox-
ide sol—gel approach together with that of commercial Degussa

P-25. It was obvious that for aerogel TiO, materials prepared
at temperatures lower than 600°C, a main UV absorption
edge at about 410nm corresponding to the band gap of ca.
3.03eV is present. The observed absorption is attributable to
the O%* — Ti** charge transfer transition corresponding to the
excitation of electrons from the valence band O 2p; to the con-
duction band Ti dy, [41]. For aerogel TiO, samples calcined
at temperatures higher than 600 °C, a significant red shift of
the absorption edge to a lower energy as a consequence of the
formation of appreciable amount of rutile phase can be seen
(from about 410 to 420425 nm). Note that the TA-700 sample
containing only trace amount of anatase shows the lowest band
energy with respect to all other aerogel samples. This is in good
accordance with the fact that the rutile has smaller band gap
energy than the anatase phase [42]. Moreover, for the TA-650
sample with a similar particle size (ca. 20 nm) and phase com-
position (ca. 75% anatase and 25% rutile), an evident shift of the
absorption edge toward a longer wavelength with respect to that
of Degussa P-25 is also identified, indicating that the TA-650
catalyst could absorb energy from a wider range of light than
the latter. A similar observation was also made from the xerogel
TiO, samples calcined at elevated temperatures (inset to Fig. 5).

It should be noted that the UV-vis diffuse reflectance spec-
trum for Degussa P-25 shows clearly a stronger UV reflection
at any wavelength compared to all other samples investigated.
Additionally, absorption of light of about 85% was measured
for the Degussa P-25 sample from 400 nm down to 200 nm
(within the UV range). It appears that the aerogel samples
absorbed light also in the visible range above 400 nm, as indi-
cated from the only 80-95% reflection as seen in Fig. 5. More-
over, reflectance at wavelength longer than 400 nm for aerogel
samples increases with increasing calcination temperature up to
650 °C, but decreases markedly for TA-700 sample prepared at
higher temperatures. It is likely that the reduced UV reflectance
(or increase in light absorption) in the visible range as observed
for the aerogel samples is a result of light diffusion effect of the
aerogel powder during the UV diffuse reflectance measurements
[43]. However, the presence of trace amount of residual carbon
species may also contribute to some extent to the increase in light
absorption in the visible range for the present aerogel samples
with calcination temperature lower than 500 °C. Comparison of
the diffuse reflectance spectra of the aerogel and the xerogel
samples calcined at temperatures of 400—700 °C reveals a much
higher reflectance for the aerogel sample at wavelength longer
than 400 nm. Taking into account the fact that the xerogel sam-
ples calcined at low temperatures may still contain appreciable
amount of residual carbon contamination, it is reasonable that
an enhanced visible light absorption for the xerogel samples was
observed.

3.2. Photocatalytic activity of the TiO samples

The photocatalytic degradation of phenol has been chosen
as a model reaction to evaluate the photocatalytic activities of
the present aerogel and xerogel catalysts. The apparent kinet-
ics of disappearance of phenol was followed by determining the
concentration of the substrate at various time intervals. Table 1
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Fig. 4. TEM images of aerogel (a—c) and xerogel (d—f) TiO, samples: as-prepared (a and d) and calcined at 400 °C (b and e) and 650 °C (c and f). Scale bar: 50 nm.

presents the phenol degradation yields obtained for all catalyst
samples after 120 min of irradiation. All samples showed cat-
alytic activity in phenol degradation reactions depending on the
preparation method and the calcination temperature used. It is
seen that the photocatalytic activity of the aerogel samples in
terms of photodegradation conversion of phenol is much higher
than that of the xerogel samples. All aerogel samples, except the
TA-700 sample, revealed a photocatalytic activity quite compa-
rable with that of the commercial photocatalyst Degussa P-25.
In particular, the highest catalytic activity was achieved with
the TA-650 sample obtained by calcination of the fresh aero-
gel sample at 650 °C for 4 h. It is remarkable that an effective
removal of phenol as high as about 92% could be achieved over
the aerogel TA-650. By contrast, the Degussa P-25 can only
reach ca. 82% of phenol conversion within the same reaction
time.

From Table 1, it is also noticed that the calcination tempera-
ture is a key parameter strongly influencing the photoactivity of
both the aerogel and xerogel samples. In the case of the xerogel
samples, the highest catalytic activity was observed for the TX-
400 sample obtained by an initial calcination of the as-prepared
xerogel sample at 400 °C. With increasing calcination temper-
ature from 500 to 700 °C, a rapid decrease in the activities was
observed for the xerogel samples. This is most likely due to
a dramatic loss in the specific surface area accompanied by
a significant sintering as observed for these xerogel samples.
Nevertheless, a significantly different behavior of the photo-
catalytic activity as a function of calcination temperature has
been observed in the aerogel samples. While the TA-400 cat-
alyst prepared at 400 °C showed a high photocatalytic activity
for the photodegradation of phenol, the aerogel catalyst prepared
at 500 °C showed very low photocatalytic activity possibly due
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Fig. 5. Diffuse reflectance UV-vis spectra of various aerogel and xerogel (inset)
samples obtained by the epoxide sol-gel method. For comparison purposes,
the spectrum of the commercial photocatalyst of Degussa P-25 powder is also
included.

to a decrease in the specific surface area. However, the aero-
gel catalysts prepared at higher temperatures of 600 and 650 °C
with even smaller surface areas were found to be more highly
active not only for their well-crystalline structure but also due
to the varied composition ratio of anatase and rutile as with P-
25. Among all the aerogel catalysts tested, the TA-700 sample,
which has very low specific surface area and is composed of
large crystallites in the rutile phase, affords the lowest catalytic
activity for the photocatalytic degradation of phenol.

To gain a further insight into the kinetic aspect of the phenol
removal from its aqueous solution in the presence of the aero-
gel and xerogel catalysts, the plot of the natural logarithm of
residual concentration of phenol in reaction solution versus UV
irradiation time is shown in Fig. 6. For comparison, the kinetic
plot obtained on Degussa P-25 is also included. The straight line
obtained shows that the degradation of phenol follows the first
order kinetics. To make the further mathematic inferences clear,
all the relating kinetic parameters, such as the reaction rate con-
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Table 2
The kinetic parameters of the aerogel, xerogel and Degussa P-25 TiO, samples
for the photodegradation of phenol

Sample kobs® ro® (umol 17! Ro® (umol1~!
(min~! g’l) min~! g’l) min~! m~2)

TA-400 0.37 233 2.01
TA-500 0.24 152 1.53
TA-600 0.34 217 3.38
TA-650 0.41 259 7.19
TA-700 0.008 5.1 1.02
TX-400 0.19 122 2.15
TX-500 0.15 94 2.78
TX-600 0.02 13 1.61
TX-650 0.008 5.1 2.04
TX-700 0 0 0

P-25 0.30 189 343

2 The apparent first order reaction rate constants (kobs)-
b The initial reaction rates per used mass (r9).
¢ The initial reaction rates per unit surface area (Rp).

stants (kobs), and calculated initial reaction rates per used mass
(ro) and per unit surface area (Rg) of the lines in Fig. 6, are
all reported in Table 2. Again, it is seen that the photocatalytic
activity of the aerogel samples is much higher than their xero-
gel counterparts, and the aerogel samples with the calcination
temperature in the range of 400-800 °C are quite comparable to
that of the Degussa P-25. Noticeably, the photocatalytic activity
in terms of the initial reaction rates per unit surface area (Rp)
obtained on the aerogel sample calcined at 650 °C (TA-650) is
found to be far superior to that of the Degussa P-25, demonstrat-
ing the intrinsic high performance of the TA-650 sample for the
photocatalytic degradation of phenol.

4. Discussion
Previous investigations concerning the synthesis of aerogel

TiO, materials using conventional sol-gel chemistry revealed
that in order to obtain uniform titania alcogels with highly

20] | m Tx400
1 | ® TX-500
A TX-600
1 | v Tx-650
151 | 4 Tx-700
P >
~—
(=3
Q 4
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0 30 60 90 120
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Fig. 6. Natural logarithm plot of the removal of phenol (C; is the concentration of phenol at a given instant and Cy is the initial concentration) with (a) aerogel and
(b) xerogel TiO, photocatalysts. The plot obtained on Degussa P-25 is also included.
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cross-linked networks for supercritical processing, the control
of hydrolysis of titanium alkoxides by using alcohols or a num-
ber of chelating agents is essentially important [14,15]. The
present work shows that highly photoactive nanocrystalline TiO»
aerogel materials can be successfully synthesized via a facile
“nonalkoxide sol-gel” method by using epoxide as the gelation
agents, followed by subsequent supercritical drying in carbon
dioxide and calcination at elevated temperatures. It is important
to note that the present “epoxide-mediated nonalkoxide sol—gel”
method can allow the easy and convenient generation of high
quality monolithic alcogels with homogeneous macromolecular
oxide networks by using more easily available titanium chloride
(TiCly) as the titanium precursor, thus providing a new facile
and straightforward method for the preparation of nanostruc-
tured titania materials with effective control of the pore-solid
architecture, the crystallite size, and the resulting photocatalytic
properties.

It is known in the literature that the photoactivity of TiO» cat-
alysts is influenced by a number of microstructural parameters of
the materials, such as particle size, crystalline quality, morphol-
ogy, and specific surface area as well as porosity [44]. Generally,
it is widely accepted that highly porous nanocrystalline TiO,
materials possessing an open pore-solid architecture with a high
surface area and a high volume can lead to a much better perfor-
mance in photocatalytic reaction [20,24,26]. In the present work,
we have unambiguously demonstrated that the present epoxide
sol—gel method can allow the convenient generation of new type
TiO; aerogel catalysts with good thermal stability and high spe-
cific surface area. As can be seen in Table 1, the fresh as-prepared
aerogel has a large SpgT about 464 m? g~!. After thermally pro-
cessed at 400 °C for 4 h, the aerogel TiO, still possesses a high
value of 100 m? g’l, which is almost twice that of commercial
photocatalyst Degussa P-25. From the TEM images as shown in
Fig. 4, one can see that the characteristic aerogel structure was
retained even after high temperature calcination, though agglom-
eration occurred to some extent. The well-preserved pore-solid
structure and relatively high specific surface area may facilitate
the mass transport of the reactants, which is believed to play a
key role in obtaining the superior performance of the TA-samples
during the photocatalytic degradation of phenol.

On the other hand, it is well known that the crystalline struc-
ture also plays a very important role in the activity of catalyst
in heterogeneous photocatalysis [45]. To establish a reasonable
correlation between the catalytic performance and the active
phase, an attempt is made in the last column of Table 2 to com-
pare the areal catalytic rates or catalytic rates based on a unit
catalyst surface area. It is noticeable that the initial areal rates are
in the same order as the massive reaction rates within the series of
the aerogel and xerogel samples. However, the areal catalytic rate
of the most active TA-650 sample containing 72% anatase and
28% rutile is found to be more than twice that of the commercial
photocatalyst Degussa P-25, indicating the presence of powerful
synergy between the nanoparticles of anatase and rutile TiO, for
the enhanced intrinsic activity in the photocatalytic degradation
of phenol. Note that the commercial Degussa P-25 itself is also
a biphasic TiO; powder, and the synergetic effect between the
contacting anatase and rutile particles has been the main focus of

a number of recent literature work [46—48]. While further work
is needed to fully understand the mechanism of the improved
synergic effect between highly active anatase and less active
rutile phases, it is generally believed that this positive effect is
related to the strong interaction between the two TiO; phases
[45,47,48]. Due to the difference in Fermi levels of anatase and
rutile TiO», the holes or electrons created in one phase may flow
into the other phase, which can effectively enhance the photo-
catalytic activity by reducing the negative charge recombination
[48].

Based on the present investigation, it is clear that the supe-
rior photocatalytic performance of the epoxide sol—gel derived
nanocrystalline TiO, aerogel catalysts can be attributed to a
favorable combination of the specific surface area, the crys-
talline size, as well as the phase structure. Noteworthy is that
the most active catalyst TA-650 prepared by the present epox-
ide sol-gel method, which contains 72% anatase and 28% rutile
and has a relatively low surface area (ca. 36 m? g~!), exhib-
ited much higher specific photocatalytic activity as compared
to commercial Degussa P-25 with a similar phase composition.
Previous investigations concerning the crystalline structure of
TiO,-based photocatalysts for the photocatalytic degradation of
organic pollutants have revealed that the formation of “catalyt-
ically active” hetero junctions between the anatase and rutile
TiO, particles is always associated with a high activity of the
catalyst [45—48]. In this respect, it is possible to design and
develop new efficient TiO,-based photocatalyst systems with
an optimal contact of the anatase and rutile TiO, particles by
engineering the anatase/rutile interfacial properties.

5. Conclusions

In the present work, we have successfully demonstrated that
highly photoactive nanocrystalline TiO; aerogel photocatalysts
with a high surface area and a favorable three-dimensional open
porosity can be obtained by a facile epoxide sol-gel method fol-
lowed by subsequent supercritical drying and thermal processing
steps. The influence of heat treatment (from 400 to 700 °C) on the
microstructural and photocatalytic properties of the as-obtained
aerogel catalysts has been shown for the first time. All these
materials show high photocatalytic activity in photodegradation
of phenol, the aerogel TiO; sample calcined at 650 °C being far
superior to that of the commercial photocatalyst Degussa P-25.
The comparative study of the aerogel and xerogel TiO, samples
obtained by supercritical drying and direct drying has shown a
much higher activity of the aerogel samples due to a higher sur-
face area and more effective control of the crystallite size and
nanocrystalline phase.
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