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Abstract

Nanocrystalline (14—18 nm) anatase Fi@owders with high photocatalytic activity are synthesized by a sol-gel method followed by
supercritical drying in isopropanol. The photocatalytic behavior is studied in the model reaction of phenol photodegradation in water. The
relationship between photoactivity, crystal structure, texture, charge-carrier lifetimes, bandgap energies and thermal treatment &f products i
discussed. The effective method of synthesis of photocatalysts basedsr3aB-gel method followed by supercritical drying in isopropanol
is presented. It shows, that the obtained powders can be used in photocatalytical depollution without additional thermal treatment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Photoelectrochemical decomposition of® over TiQ
into Hy and @ [8] initiated a great wave of research activ-
Titanium dioxide exists in three major modifications: ity, continuing till the present time. Anatase and rutile have
rutile (tetragonal), anatase (tetragonal), and brookite (or- been used in photocatalytic investigations dealing with pho-
thorhombic)[1]. Rutile is the most stable phase, however, todegradation of organic pollutants in water and[&i¥15].
anatase and brookite are commonly formed in metastableBoth phases are semiconductors with a bandgap of 3.23 eV
fine grained (nanocrystalline) synthetic and natural samples.for anatase and 3.10eV for ruti[@6]. Under UV irradi-
Anatase and brookite transform to rutile upon heating. ation, absorption of a photon with higher energy than the
The rutile phase is widely used as a white pigment becausebandgap creates an electron and hole. If the charge-carriers
of its excellent scattering abilities. Tg@an be used forbeam do not recombine, they can migrate on the surface where
splitters, optical coatings and antireflection coatings becausethe electrons are trapped by titanium while the holes are
of its high dielectric constant and refractive ind&%. Tita- trapped by the hydroxyl surface groups. Then, the trapped
nia is also used as semicondudi®y}, as catalysf4] and for holes form radicals OHand the trapped electrons react with
solar-energy conversiofp]. Electrical characteristics of ti- O, and HO forming HG* radicals. These free radicals
tania depend on oxygen partial pressure, therefore, it can because the oxidation of organic compounds, such as phenol
used as a gas seng6r17]. [10].
There is no general agreement on the criteria that
* Corresponding author. Tel.: +33 1 49 40 44 88; fax: +33 149 40 34 14, have 10 be used for a correct comparison of the different
E-mail addresscolbeau@limhp.univ-paris13.fr (C. Colbeau-Justin). photocatalytic system performances. Surface and bulk
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properties and photoactivity depend strongly on a method To obtain the powder from alcogel, we performed drying
used for the preparation of materials. A direct correlation under supercritical conditions e€3H;0OH (T, =235.1°C,
between photoactivity and surface properties is not possible,P. = 47.6 bar, pc =0.273 g/cm). When the pore liquid is
and it has been shown that the photoactivity of titania is removed as a gas phase from the interconnected sol—gel
influenced by the phase composition, crystalline quality, network under supercritical conditions (critical-point drying
morphology, particle size, size distribution, high surface method), the network does not collapse and a low density
area, porosity, surface hydroxyl density and bandgap aerogel is produced. Alcogel was put into a stainless steel
[9-15] autoclave (volume, 150 ml; degree of filling b¢3H7OH,

We have chosen a sol-gel method followed by supercriti- 80%). The solvents present in the alcogel (EtOHOHaNd
cal drying in isopropanol to synthesize TiPhotocatalysts.  iC3H;OH) were replaced byCsH;OH flow of 5ml/min
The motivation to combine a sol-gel technique with a for 1h at a pressure of 100bar and a temperature of
supercritical drying was to control the preparation of solids 300°C. At the end of supercritical drying, the autoclave
with interesting textural, chemical and morphological was removed from the furnace and cooled down to room
propertied17-20] The advantages of the sol—gel technique temperature.
are molecular-scale mixing of the components, high purity  Drying under supercritical conditions of GQT.=31°C,
of the precursor, and homogeneity of sol-gel products P;=73.8 bar) have been performed previougl®]. Alco-
with high isotropy of physical, morphological and chem- gel was put in the same autoclave as drying in isopropanol.
ical properties. For supercritical drying, two basic ways The alcohol contained in the gel was replaced with liquid
are nowadays applied—high-temperature techniques andCO, and then, the system was brought above the critical
various low-temperature methoff4l]. point for 15 min, at a pressure of 70 bar and a temperature of

In a previous work, we reported the synthesis of JJiO 50°C. At the end of supercritical drying, the autoclave was
by sol-gel method followed by supercritical drying in car- removed from the furnace and cooled down to room tempera-
bon dioxide[22]. With this treatment, the obtained powders ture.
are amorphous, and a thermal treatment is necessary to crys- After supercritical drying, off-white TiQ (~5 g) was ob-
tallize. In the case of isopropanol, the drying is realized at tained. To remove most of the organic residues, a thermal
350°C and a crystallized powder is expected. It is important treatment of the sample was carried out at 450, 500, and
that powders received by high-temperature technique could550°C in air. The treatment included a 6 h heating up to the
be used as catalysts directly after drying without an additional final temperature and a 10 h ramp.
thermal treatment. Throughout this work, a set of acronyms is used: NI,

Here we report the photocatalytic properties of nanocrys- NI1450, NI500, NI550 and NA550. The N refers to the ni-
talline titania powders prepared by sol-gel method followed tric acid used to form the gel, | the supercritical drying in
by supercritical drying inisopropanol. We compared our sam- isopropanol, and A to the supercritical drying in carbon diox-
ples to those obtained after supercritical drying in carbon ide. The heating temperature is indicated at the end of each
dioxide, and to the commercial compound P25 from De- reference.
gussa. The relationship between photoactivity, structure, tex-
ture, charge-carrier lifetimes, bandgap energies, and thermal.2. Characterization and property measurements
treatment of the products is discussed.

Powder X-ray diffraction (XRD) was carried out us-
ing Cu Ka radiation (DRON-3M diffractometer). The

2. Experimental size of TiQ crystallites was estimated by means of the
Scherrer's equation from broadening of the (101) anatase
2.1. Titania preparation reflection. IR spectra were collected with a FTIR Perkin-

Elmer Spectrum One spectrometer. Diffuse reflection

Sol—gel preparation of titania gel was based on the route (DR) spectra were recorded on a Perkin-Elmer Lambda
elaborated by Dagan and Tomkiewif23]. Firstly, alkox- 35 UV-Visible Spectrophotometer using a diffuse re-
ides precursor (tetraisopropoxytitanium (IV) Ti(@sH7)4, flection cell. Powders morphology were analyzed using
Acros, 98%, 18.58 ml) was dissolved in absolute ethanol scanning electron microscopy (SEM; LEO 440S, Leica,
(Prolabo, 99.85%, 51.00 ml). The hydrolysant consisted of Cambridge) and transmission electron microscopy (TEM,;
distilled water (0.87ml) and 2M aqueous nitric acid so- JEOL JEM FX2000Il). The specific surface area and pore
lution (Prolabo, 69%, 2.5ml) diluted in absolute ethanol size distribution were measured by the BET and BJH
(15ml). The hydrolysant was added drop-by-drop to the methods using nitrogen physisorption at 77 K (COULTER
alkoxides solution atroom temperature under continuous stir- SA 3100). Thermogravimetric analysis (TGA) was per-
ring (400 rpm). The molar ratio alkoxide/alcohol/water/acid formed using PYRIS Diamond TG-DTA thermoanalyser
was 1/18/3/0.08. Within 30 min, monolithic, transparentiO  (Perkin-Elmer), in air, with a heating rate of 10/min. The
alcogel was obtained. The resulting gel was aged for 12 h atcarbon content was determined by conventional elemental
room temperature. analysis.
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2.3. Electronic properties characterization in the initial 400 ml phenol (Aldrich 99%) agueous solution
(C=50mgl/l, pH=6), Vigorous stirring (900 rpm) and oxy-

Lifetime of charge-carriers created by UV irradiation in gen bubbling (20 ml/min) was started prior to the mixture

TiO2 has been determined by microwave absorption us- exposition by an ultraviolet mercury lamp (Cathodeon HPK

ing time resolved microwave conductivity (TRM{24—26] 125W). The samples were withdrawn after various reaction
This method is based on the measurement of microwave backtimes (0, 10~60, 75 and 90 min). After filtration through a
scattering. 0.20um pore size membrane PTFE filter (TITAN), the ab-

The experimental TRMC set-up was described in a pre- sorption spectra of phenol solution were recorded between
vious work[24]. Incident microwaves were generated by a 200 and 600 nm. For measuring phenol concentration, the
Gunn diode K5 band, 28-38 GHz). The experiments were CARY 300 Scan UV-visible spectrophotometer was used at
performed at 31.4 GHz. The pulsed light source was a A =269 nm corresponding to the maximal adsorption of phe-
Nd:YAG laser providing an IR radiatiork & 1064 nm). Full nol. Concentrations of phenol in water were calculated using
width at half-maximum of one pulse is 10 ns, frequency of the the Lambert—Beer la28].
pulsesis 10 Hz. UV light (355 nm) is obtained by tripling the
IR radiation. The light energy density received by the sample

is 1.3mJ cm?. 3. Results and discussion
A TRMC signal can be characterized by two parameters:
a maximum intensity valué ) and its decay intensit(t). Thermal treatment, drying conditions, phase composition,

Imax reflects the number of the excess charge-carriers cre-particle size, specific surface area, pore volume, and bandgap
ated by the UV pulse. It must be noted that this information energy of nanocrystalline titania powders prepared by sol—gel
is weighted by the mobility of the charge-carriers and by method followed by supercritical drying in isopropanol or
the fast decay processes during the excitation (i.e. the firstcarbon dioxide and P25 are givenTable 1

10 ns), and these contributions cannot be separated easily for Electronic properties, given by the values of TRMC ex-
a system like TiQ powders. Since the signal decay is not periments)max, 140nd!max T1/2, 2t1/2 and J1/2, are given in
purely exponential, the general decay shape is characterizedrable 2

by several halftime liveg;y 2 is the time to obtain an intensity Fig. lillustrates the percent of photodegraded phenol ver-
Imax/2 of the signal, 212 to obtainlmax/4 and 31,2 to obtain sus irradiation time of Ti@samples. The percentage of pho-
Imax/8. As recombination phenomena occur mainly between todegraded phenol on titania powders after 75 min illumina-
0 and 40 ns after the pul§24], the ratio of the intensity of  tion time is displayed ifable 1

the signal (40 ns) after the pulse beginninglhyx notifies

a speed of recombination processes. A higdhdlmax ra- 3.1. Supercritical drying in isopropanol

tio indicates a low speed recombination. In general, a high

value ofImax and long decay can be considered to reflect a  Supercritical drying of TiQ alcogel in isopropanol leads
well-crystallized structure of the sample which may involve to the formation of nanocrystalline anatase with particle size

appropriate photocatalytic properties. of 14 nm (XRD), which does not transform into rutile un-
der a thermal treatment ranging from 450 to 5&80for 10 h
2.4. Photocatalytic tests (Table J). Line-broadening analyses for all the materials re-

veal that the crystallite sizes of titania powders (NI, N1450,
In order to test photocatalytic behavior of the synthesized NI500 and NI550) increase slighly from 14 to 18 nm with an
TiO2 powders, photodegradation of phenol in water has beenincrease of calcination temperaturi@ble J).
chosen as a test reaction as described in our previous pa- The obtained powders have off-white color caused by
per[27]. An amount of 400 mg of Ti@ powder was added incompletely decomposed organic products. After calcina-

Table 1

The phase composition and textural properties of titania synthesized by sol-gel method followed by supercritical drying and P25

Reference Drying ThT(°C) Phase Particles size Weight loss BET (m%/g,  BJH (ml/g, Epg (€V, Conversion
composition  (nm,£10%) (30-1100°C, wt.%)  +5%) +5%) +0.01) of pheno?
XRD XRD TEM

NI iC3H,OH - Anatase 100% 14 20 3.98 92 0.46 2.95 94

NI450 iC3H;OH 450 Anatase 100% 16 26 3.18 79 0.42 3.00 99

NI500 iC3H;OH 500 Anatase 100% 17 21 2.96 77 0.38 2.99 97

NI550 iC3H;OH 550 Anatase 100% 18 23 2.95 68 0.46 2.99 94

NAS550 CQ 550 Anatase 100% 21 20 3.00 63 0.26 - 92

P25 - - Anatase 75%, — 25 - 52 0.15 - 100
Rutile 25%

2 Thermal treatment.
b percent of degraded phenol after 75 min irradiation time.
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Table 2

The electronic properties (TRMC) of titania synthesized by sol-gel method followed by supercritical drying and P25

Reference Imax (MV) 120ndImax x 100 (%) 172 (NS) 2r172 (ns) 312 (ns)
NI 231 53.4 40 220 1000
NI450 334 41.0 28 128 680
NI500 354 44.8 29 155 790
NI550 344 41.6 28 127 940
NA550 178 56 60 3000 >1H
P25 79 42 35 160 1500

tions at 450, 500 or 550C for 10 h, the samples become nealed samples (NI450, NI500, NI550) which is completely
white. Decomposition of organic products was proved by absent for the NI sample. This peak can be attributed tp CO
TGA (Table ) and elemental analysis. The maximum value [30]. Itis believed that C@is formed during the combustion
of weight loss was record for the NI sample compared to of organic impurities in the NI sample, and partly adsorbs
NI450, NI500 and NI550 samples. This value is due, for the onto TiO;, particles.
NI sample, to the removal of remaining decomposed and ini-  The synthesized anatase powder morphology observed by
tial organic compounds. According to the elemental analy- SEM and TEM is shown ifrigs. 3 and 4respectively. Sig-
sis, the sample NI contains 1.1% of carbon while the sample nificant differences are evidenced when comparing the mi-
NI550 was carbon-free. The weight loss of the NI1450, NI500, crophotographsHig. 3a and b). The NI sample consists of
NI1550 samples and, partly for Nl sample, is related to removal large aggregate&ig. 3a) which are transformed to more fine
of hydration water, OH surface groups and small amount of aggregates after calcination at 58Dfor 10 h Fig. 3b). As
alkoxy groups which are oxidized at higher temperature than shown inFig. 3, the aggregated particles consist of manyliO
the temperature of calcinations. nanoparticles. TEM data revealed that the nanoparticles size
This fact is well-proved by the FTIR spectroscopy data slightly increases from 20 nm for NI sample to 26 nm for
(Fig. 2). Allthe spectra show one broad band near 3400tm  NI450 sample with the increase of the calcination temper-
and another one near 1630chwhich correspond to  ature Table 1 Fig. 4a and b). Electron diffraction for the
surface-adsorbed water and hydroxyl gro{@8]. As it is TiO, samples (insets ifrig. 4a and b) shows distinct ring-
shown inFig. 2, the NI sample has more surface-adsorbed like patterns indicating high crystallinity of the synthesized
water and hydroxyl groups than annealed samples. Howevertitania.
sample NI has significant peaks aroun@924,~1400 and The BET specific surface area and BJH pore volume data
~1063 cn1?, which practically disappear after thermal treat-  of prepared TiQ are presented iiable 1 It is observed that
ment. This group of peaks corresponds to remaining organicthe NI sample prepared by supercritical drying has a high spe-
compounds, likéPrOH and EtOH[30], which are almost cific surface area (92 ffg) which decreases significantly to
fully oxidized after calcinationKig. 2). The strong peak at 68 /g for NI550 sample with increasing of the calcination
600 cnT ! corresponds to the infrared active mode of anatase. temperature.
At the same time, there is a sharp peak at 2341'cfor an-
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Fig. 1. Percent of degraded phenol vs. irradiation time of  p@wders
prepared by sol-gel method followed by supercritical drying. Reproducibil- Fig. 2. FTIR spectra of titania prepared by sol-gel method followed by
ity was better than 2%. supercritical drying: (a) NI; (b) N1450, (c) NI500; (d) NI550.
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Fig. 3. SEM microphotograph of TiDanatase powders prepared by sol-gel method followed by supercritical drying: (a) NI; (b) NI550.

Diffuse reflectance spectra of as-prepared powders showannealed samples. It means that the temperature of thermal
small differences in light absorption between the NI450, treatment has no real influence on the crystalline quhity
NI500 and NI550 samples. However the NI sample begins value is slightly smaller for NI. This point must be related to
to absorb radiation at about 695 niFid. 5) due to the car-  the absorption spectra of NI sample: organic species absorb
bonate species content (TGA, FTIR). Assuming that ma- also the laser beam. The, values indicate longer lifetime
terials like TiG are indirect semiconductors, a plot of the of charge-carriers andg ndlmax value indicates less recom-
modified Kubelka—Munk function versus the energy of ex- bination phenomena for NI. These points show that thermal
citing light [31] gives bandgap energies of 2.95, 3.00, 2.99 treatment allows the degradation of organic species but is
and 2.99eV for NI, NI450, NI500 and NI550, respectively not necessary to increase the crystalline quality of the super-
(Table 1 Fig. 6). It should be noted, that diffuse reflectance critically dried sample. It should be noted also that for all
spectra for NI450, NI500 and NI550 samples has a blue- synthesized samples long decay time is observed.
shift compared to NI sample. However, usually the par-  Photocatalytic results show that the four samples dried in
ticles size growth results in a red-shift. This observation isopropanol induced practically complete photodegradation
might be connected with organic species con{éfi, but of phenol after 90 minKig. 1). The values gatheredirable 1
also with the lattice strain in the small particl&s3] for NI show that NI450 is the more active, then NI500 and follows
sample. NI550. Despite a higher initial reaction rate, the percent of

TRMC results Table 29 show that the number and the phenol photodegradated after 75 min show that NI activity is
lifetime of charge-carriers are almost the same for the three quite similar to NI550.

Fig. 4. TEM microphotograph of TiQanatase particles synthesized by sol-gel method followed by supercritical drying: (a) NI; (b) NI550.
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Fig. 5. Diffuse reflectance spectra of a piffowders synthesized by sol-gel
method followed by supercritical drying: (a) NI; (b) N1450.

To make the correlation between the structural, textu-
ral and electronic properties of TiQpowders obtained by
sol-gel method followed by supercritical drying and their
photocatalytic activities, we can consider two linked parts of
the photocatalysis mechanig2?]. The first part, thgphoto

having long lifetimes, and thus, reveal a high crystalline
quality [22]. Low bandgap of titanium dioxide leads to

utilization of a much larger fraction of visible light, i.e.

photochemical yield is highd29].

For thecatalysis partthe specific surface area is the most
effective structural parameter. Indeed, photocatalysis is an in-
terfacial reaction. Thus, a higher specific surface area induces
a higher number of accessible active sites and, consequently,
better reactivity.

Concerning annealed samples, we checked before with
TRMC, that the temperature of thermal treatment has no sig-
nificant role on thephoto part it means on the crystalline
quality. On the opposite, thermal treatment leads to particle
size growing. NI450 sample shows the highest specific sur-
face area, then NI500 and NI55Taple ). It means that
increasing thermal treatment is not favorable todhtalysis
part. As, the photocatalytic properties may be considered as
resulting from the combination of these two parts, NI1550 has
a lower activity than N1450 because of its lower surface area.

Concerning NI sample, no post-drying thermal treatment
is realized. This pointis favorable to thatalysis parand NI
shows the highest surface area. The effect orptiao part
is less obvious. Results showed that Nl is aJpgbase mixed
with carbonate species. Their influence on crystalline quality
is not direct, but they absorb UV-light and the absorbed

part, concerns phenomena related to the interaction of ma-photons are no more available to create charge-carriers in

terial with light. This includes photons absorption, charge-

the semiconductor for photocatalysis. The activity of NI is

carrier creation, dynamics, and their surface trapping. The slightly lower than for annealed samples. Anyway, it should

second part, theatalysis partconcerns phenomena of rad-
icals formation onto the surface and ‘surface reactivity’, i.e.
the heterogeneous interaction betwee®HO,, organic pol-
lutants at the oxide surface.

For the photo part the TRMC and bandgap energies

be emphasized that the powders synthesized by sol—gel
method followed by supercritical drying in isopropanol can
be used in photocatalysis without any additional thermal
treatment.

measurements can be considered as an indicators of the3.2. Comparison with supercritical drying in carbon

interaction of material with light. High values ¢f,ax and

dioxide

slow decay indicate a large amount of charge-carriers created

1,2
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Fig. 6. Plot of transformed Kubelka—Munk function vs. the energy of the
light absorbed: (a) NI; (b) NI450.

In our previous work devoted to the supercritical drying in
carbon dioxide, we observed an opposite behavior concern-
ing thermal treatment. In the case of &@he treatment was
necessary to burn organic compounds but also to crystallize
TiO,. It means that increasing thermal treatment was nec-
essary to promote electronic properties while it was bad for
surface area. The best average was found for thermal treat-
ment at 550C (NA550). In the case of supercritical drying
in isopropanol, the thermal treatment is not needed to crys-
tallize and 450C is enough to burn organic species, the best
compound is NI450.

The comparison of the photocataytic activity of these two
compoundsTable 1 Fig. 1) shows that N1450 is more active
than NA550.

Structural and microstructural results gatheredidable 1
show that both phases are pure nanostructured anatase, and
that the surface area and the total pore volume are higher
for N1450 than for NA550. The lower temperature treatment
avoids the particle growing and the collapsing of the aerogel
network.
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TRMC results ofTable 2show that NA550 presents a that in this last case, an higher additional thermal treatment
slower decay, but itbnax is two times lower than the NI1450 is required (550C), to burn organic residues but also to
Imax Value. It indicates that the number of charge-carriers crystallize. The comparison of these two compounds shows
created in NA550 is less important or that most of them re- that the powders dried in isopropanol are more photoactive
combine during the pulse. than in CQ because of better electronic and surface proper-

To summarize, the comparison of these two compoundsties.
shows that NI450 is more active than NA550 because of its
better electronic and surface properties.
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