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Thin TiO
2

nanoparticulate layers were produced by a dip coating of quartz, bo-
ron-silicate wafers and of plastic foils. The coating solution was prepared by the sol-gel
method in the reverse micelle environment to favour the polycondensation. Reverse mi-
celles of a non-ionic surfactant Triton X-100 in cyclohexane were used as the template.
The molar ratio water/surfactant was kept low (r = 1). At this ratio water molecules were
associated only with terminal groups of the hydrophilic chains in the micelle aggregate.
Polymeric precursor layers were thermally treated to obtain the desired thin films of ana-
tase. Direct thermal decomposition of the organic content was replaced by supercritical
fluid extraction followed by the thermal treatment. The data showed that supercritical
fluid extraction considerably reduced the organic carbon content and provided a surface
structure closely similar to that of anatase. A similar procedure was used to obtain a tita-
nia membrane supported on a plankton based silica matrix.
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Introduction

Photooxidation of organic pollutants either in
the gas or the liquid phase on various TiO2 (titania)
catalysts has attracted the attention of many re-
search groups over the past ten years.1–27 Among
the various types of titania those used as thin films
are very promising.1–5,10,25,28–36 Their practical utili-
sation does not obviously involve an expensive sep-
aration, compared to oxidation processes that are
carried out in slurries. The thin films, which are
usually particulate in nature, retain the photophysi-
cal and photochemical properties of individual
semiconductor particles. This is due to the fact that
their mode of action is identical to that of particles
in suspension.2,25,34,35 The performance of titania
films as photocatalysts invariably depends on the
surface and the structural properties which are func-
tions of the preparation method. Sol-gel transforma-
tion has been used in the paste.g.,37 for the prepara-
tion of high surface area oxides (mostly silica).
However, alkoxides of transition metals hydrolyse
rapidly yielding precipitates containing non-uni-
form large particles. If the hydrolysis is restrained
in favour of polycondensation a polymeric network

(a precursor of the structure of homogeneous nano-
particles) could develop. Surfactant assisted sol-gel
(reverse micelles) preparation of titania nanoparti-
cles has been recently reported.34,35,38 In this process
the alkoxide hydrolyses in a core of a reverse mi-
celle with a limited amount of water. Then the po-
lycondensation step could proceed simulta-
neously34,35,39,40 and is highly competitive.17,35,41–43

It provides particles with a unique monodisperse
structure uniform in dimension and shape.

In this work we report on the generation of tita-
nia precursor gels within templates of assemblies of
reverse micelles of the non-ionic surfactant Triton
X-100 in cyclohexane. The precursors are used at
an early stage of the gelling process during the dip
coating of glass and quartz wafers and of polyvinyl-
acetate (PVA) foils. The physical and chemical pro-
perties of the ensembles are discussed in terms of
their prospective utilisation as new generation pho-
toactive catalysts for the oxidation of organic mole-
cules. Attention has been paid to methods of the gel
transformation and to the conditions of formation of
the final titania particles. The direct thermal treat-
ment was replaced by supercritical fluid extrac-
tion44,45 followed by the thermal decomposition of
the residual organic carbon content. The same pro-
cedure is also applied for the coating of the plank-
ton based silica matrix with nanostructured titania.
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Experimental part

Preparation of a gel

Reverse micelles of a non-ionic surfactant
(C33H60O10.5) with a long hydrophilic poly(oxyethy-
lene) chain46–47 Triton X-100 (Aldrich, 99.99 %) in
cyclohexane (Aldrich, HPLC grade, water content
less than 0.01 %), were used.34,35,46–50 The molar ra-
tio of water (millipore water) to surfactant r = 1 was
kept constant throughout all experiments. Up to this
value water molecules are predominantly associated
with the terminal hydroxyl groups.35,50 The approxi-
mate composition of TX-100 was 0.85 mol kg–1 and
the alkoxide used was titanium(IV)-isopropoxide
(TIOP) (Aldrich, 99.99 %). For the sake of compar-
ison thin layers were also prepared by the sol-gel
method using a coating solution without the sur-
factant and with a composition 2-propanol (Fluka,
HPLC grade, water content less than 0.02 %), TIOP
and water (dried at 353K).

Dip coating

Quartz and boron-silicate glass wafers and
PVA foils were employed as substrates for the dip
coating.2–5,8,10,16,25,26,31,34–36,51,52 The wafers were
washed in sulphuric acid (0.5 mol dm–3), then
soaked in an alkaline solution (NaOH, pH 12) and
finally treated in an ultrasonic bath for 15 min in
water (PVA foils only sonicated). Wafers as well as
the foils were removed from the gelling solution at
a constant speed of 6 cm min–1. The samples were
allowed to stay in a vertical position for 3 min in a
box with a controlled humidity (35 %) and then
dried in air (303 K) for the next 3 min. Thicker lay-
ers were prepared by repeating this process.

Temperature programmed reduction (TPR)
and thermogravimetric analysis (TGA)

Fresh gel layers were allowed to stay open to
air at 323 K for 2 h (ageing, after this noted as raw
gels). Then, with the exception of films deposited
on a PVA foil, the organic content53 was thermally
decomposed in a furnace in air (Q = 40 cm3 min–1)
at 8 isothermal levels (interval 423 K to 873 K).
Gaseous products were analysed by mass spectros-
copy (Saturn 2000, Varian). Solid fractions remain-
ing on wafers at each temperature level were ex-
tracted by toluene and methanol and analysed. The
effect of temperature on supported gels was also
studied using a TGA apparatus TG 750 (Stanton &
Redcroft) at a rate of heating of 20 °C min–1 in air
(10 ml min–1) with samples positioned in a platinum
holder.

Supercritical fluid extraction

Supercritical fluid extraction (SFE) was per-
formed in a Suprex extractor using carbon dioxide
(SFE grade, Messer Griesheim) at 45.6 MPa and at
373 K for 180 min. The thin layers were then ana-
lysed for their carbon content using elemental anal-
ysis (Perkin-Elmer, CHN-240C) .

X-ray diffraction (XRD) analysis

Crystallographic phase structure54–57 of the TiO2

layers was determined in the low-angle incident
mode by XRD (R. Seifert Co.) using Bragg-Brentan
focusing geometry, CoK� radiation and a graphite
monochromator.

SEM and ellipsometry

Images of thin films were recorded using a
Hitachi S-520 SEM apparatus at U = 14 kV. Sam-
ples were fixed on a microscopy holder by a con-
ductive carbon tape and sputtered with gold. Images
were mostly used for evaluation of the film thick-
ness. The thickness was also estimated by the
ex-situ ellipsometry (also refractive indices) using a
conventional rotating analyser (Sentech) fitted with
a He-laser beam. The measurements were carried
out at an angle of incidence of 70�. The layer thick-
ness was evaluated from the change in ellipsometric
parameters between the bare and the modified sub-
strates for a three phase model (substrate-layer-air).

Infrared spectroscopy

Raw gels and precipitates prepared in the
surfactant-free environment were analysed by IR
spectroscopy. The spectra were recorded using a
Nicolet 740 spectrometer.

XPS analysis

XPS analysis of gels after supercritical fluid
extraction was carried out using an ESCA 310 spec-
trometer (Gammadata Scientia AB) with a rota-
tional anode, monochromator, hemispheric analyser
of electrons in a high vacuum (10–9 mbar), and an
AlKa source of radiation (h� = 1486.6 eV) for elec-
trons excitation.

UV-vis absorption spectroscopy

Ultraviolet-visible spectroscopy measurements
(absorption mode) were carried out using a
Perkin-Elmer Lambda 19 spectrometer with aim to
assess a presence of small particle diameter effects.

Results and discussion

Recent data57 describing the process of poly-
merisation revealed, that for the gel composition
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used in this work, the gelling process was com-
pleted in approximately 120 min. As the intention
of the work described here was to carry out the
coating during the early stages of gelling, a period
of 15 min after the addition of the alkoxide was
chosen as a suitable period after which the dipping
commenced. The same interval and composition
were kept in any other coating cycle following the
first one. The raw layers were well transparent and
this property was preserved even with films pre-
pared by ten coating cycles. Translucent white lay-
ers (due to the presence of the titanium hydroxide
precipitate) would indicate prevailing hydrolysis
and little extent of polycondensation. For compari-
son, SEM of such a layer prepared by a standard
sol-gel routine (dried at 353 K) without the sur-
factant (2-propanol/TIOP/ water), is shown in Fig-
ure 1.

Infrared spectra of a raw gel and a precipitate
formed in the surfactant-free environment, are
shown in Figure 2. The spectrum of the raw gel
(fresh gel dried at 353 K) is characterised by
absorbances typical for alkyl chains (2920 and 2850
cm–1) and the ether linkage vibration centred at
1150 cm–1 (fingerprints of the surfactant). The in-
creased intensity of the OH group at high numbers

is from occluded water and Ti-OH groups (also the
bending mode of water (H2O) at 1648 cm–1). The
spectrum of the precipitate reveals the characteristic
structure of titania demonstrated by strong and
broad absorbances between 500 and 900 cm–1.

A TGA curve of a raw gel (10 layers deposited
on quartz) is given in Figure 3. Evaporation of wa-
ter and volatile organic molecules (cyclohexane)
starts below 373 K and effectively terminates at 483
K. At 523 K a steep decline associated with an at-
tack by oxygen on the poly(oxyethylene) chain and
the terminal alkyl part of the hydrophobic head.
Mass spectroscopy revealed carbon dioxide, acetal-
dehyde and acetone, as prominent products of this
stage. The core of the hydrophobic part of the
surfactant’s molecule is more resistant to oxidation.
Up to 673 K it is stabilised through a quinone struc-
ture with a mass of 134 (formula (CH3)2 C=C6H4=O).
Above 673 K it is oxidised as indicated by the small
“bump” on the TGA curve. The decomposition vir-
tually terminates at 823 K, when the layer could be
referred to as carbon-free.

The XRD pattern of a layer treated at 573 K is
completely flat; at 623 K an increased background
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F i g . 1 � SEM image of a translucent thin layer prepared
by sol-gel in the surfactant free environment (dried at 353 K).
The image shows many “paths” (bare glass surface) originat-
ing from mechanically replaced precipitated particles.

F i g . 2 � IR spectra of a raw gel layer (the upper spectrum)
and of a thin layer formed from Ti(OH)4 precipitate prepared in
the surfactant free environment (the lower spectrum)

F i g . 3 � A TGA curve of the decomposition of the layer of
a raw gel (10 layers deposited on quartz, weight
of a bare support is excluded)



around the most significant diffraction of anatase
from the (101) plane, appears. At 723 K a short but
already sharp peak centred at 2� = 29.4° dominates
the originally diffuse band and at 773 K this peak
becomes even more prominent (Figure 4).

The layers treated at 823 K and above were
less transparent due to the larger extent of
crystallisation (e.g., micro-crystals of anatase in
Figure 5-A obtained at 873 K could be compared

with the perfectly transparent film treated at 673 K
in Figure 5-B).

The dependency of the film thickness on the
number of coating cycles was linear (all samples
treated at 673 K). The maximum thickness obtained
by ten cycles was estimated from a set of micro-
graphs to be approximately 405 nm, a thickness of a
layer prepared in 8 steps was evaluated to be in av-
erage 328 nm. The five-cycle process provided lay-
ers from 199 to 210 nm. Images of layers from
three coating cycles (e.g., Figure 5-B) revealed a
thickness from 108 to 128 nm depending on the po-
sition of its evaluation. SEM images of a single
layer were not taken due to the resolution limit of
the microscopy instrumentation.

Besides microscopy this value was also esti-
mated by ellipsometry. A thickness of 125 ± 2 nm
was found for the film prepared using three cycles
and 217 ± 1 nm for the five-cycle process. These re-
sults are in an excellent agreement with the micro-
scopy-based estimation. The refractive index cal-
culated at � = 630 nm for the three-cycle layer was
nf = 1.50 ± 0.03 of. The refractive index of crystal-
line anatase at the same wavelength was calculated
at nc = 2.5 (Ohya et.al31). Therefore, the porosity of
the thin layer calculated from the Lorentz-Lorentz
equatione.g., 58 was 51 %.

Supercritical fluid extraction was chosen as an
alternative method to the direct thermal treatment of
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F i g . 4 � X-ray diffraction pattern of the anatase thin layer
treated at 773 K in air. The bends located below 2� = 20° are
not due to TiO2 and come from the XRD instrumentation.

F i g . 5 A � SEM image of a translucent layer with well de-
veloped micro-crystals of anatase (873 K)

F i g . 5 B � SEM image of a perfectly transparent anatase
film prepared at 673 K



the thin gel layers. The raw gels deposited on quartz
wafers and PVA foils cut to fit to the Suprex car-
tridge were extracted by supercritical carbon diox-
ide. Layers (10 cycles) on quartz were, after this
process, analysed for their organic carbon content.
A value of w = 8.3 ± 0.7 % was obtained for a set of
extracted samples. This value was found to be the
limit of the extraction method. In our recent work57

we demonstrated that small nano-particles formed
in the process of supercritical fluid extraction tend
to close (occlude) a significant number of surfactant
molecules inside the forming micropores. Due to
the quantities and geometrical constraints it is diffi-
cult, even for carbon dioxide to completely remove
them from these very narrow channels.

The general XPS spectrum of electrons emitted
from a gel after supercritical fluid extraction (range
of binding energies 0–1000 eV) and the individual
spectra of lines Ti 2p, O 1s, C 1s, revealed that oxy-
gen and carbon were present (information depth of
the method ~5 nm) in three chemically non-equiva-
lent states (Ca + Cb + Cg). Values of binding ener-
gies of individual components of the spectra ob-
tained by fitting and their possible interpretations
are listed in Table 1. The highest surface abundance
of the Ca was found as a characteristic feature of the
SFE gel system. The non-polar hydrophobic head
of the surfactant is pointing outward of the forming
particles and thus groups such as CHx, C–C, must
predominate in the surface layer. An absolute iden-
tification was possible when comparing the binding
energies and the Ti 2p line spectrum structure (EB =
458.6 eV) with reference data for anatase. It seems
that within (as also indicated for colloids57) the
structure of the gel after the SFE (but not thermally
treated) the tetrahedral form of TiO2 already exists.
The formation of anatase from such gels at low
temperatures, potentially enables a practical utilisa-
tion of cheap plastic substrates as supports for thin
layers and their alternative on-site activation. An
SEM of a typical thin layer (approximately 280 nm)

deposited on a PVA foil (not exposed to tempera-
tures above 343 K) is shown in Figure 6-A. A layer
deposited on a lower-quality PVA support (Figure
6-B) reflects perfectly the original surface corruga-
tion as it could be seen in Figure 6-C. Such an “an-
cient brick wall” was amazingly still fairly transpar-
ent. In fact the large extent of fractures considerably
increases the contribution of transport macropores
and thus could be interesting for certain specific ap-
plications.

The thin layers (on quartz) treated by SFE and
then calcined in the air at 673 K were found as ex-
cellent cut-off filters for the wavelength 365 nm by
UV-VIS measurements. No blue-shift indication of
the small particle quantum-dimension effectse.g.,19

was observed.

For the fabrication of a multifunctional photo-
active supported membranes, plankton-based silica
was chosen. The surface structure comprises an ar-
ray of regular openings (about 1.3 mm in diameter).
This microstructured matrix is resistant to high tem-
perature and pressure as well as most of mineral ac-
ids. Our aim was to close selectively the openings
with the same solution used for the generation of
the titania nanoparticulate layers by the surfactant
templating. The membrane was successfully ob-
tained with most of the properties identical to those
of colloidal particles and thin layers. Figure 7
shows various stages of the silica rings blocking
ranging from a complete absence to a nearly com-
plete closure. The efficiency of this process invari-
ably depends on kinetics of gelling and could be
controlled through the viscosity of the reaction mix-
ture. The conditions under which a complete “sur-
face closure” is attained were found and such a
membrane prepared. Its structure perfectly with-
stands SFE and after the thermal treatment at 773 K
an extremely resistant and stable material is ob-
tained. A surface microprobe confirmed that the
original openings in the silica membrane are com-
pletely filled with Ti ions (from titania). The very
promising application of this material could be fore-
seen for its utilisation as a photoactive catalytic
membrane.

Conclusion

Thin titania layers were produced by the dip
coating of various substrates (glass, quartz, PVA
foils) with the intention to obtain highly transparent
photoactive (anatase) films. The coating medium
was obtained by the sol-gel transformation carried
out in the core of reverse micelles of a non-ionic
surfactant TX-100. The ratio of water-to-surfactant
was kept low to limit the association of water mole-
cules with terminal hydroxyl groups. In this way
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T a b l e 1 � Measured values of binding energies EB (eV) ±
0.2 eV and the standard matching

Line EB Matching

Ti 2p 458.6 TiO2

O 1s

530.1

531.6

533.0

TiO2

–O–CH2–; C=O

C–OH; (water)

C 1s

284.8

286.3

289.0

CHx; C–C (hydrocarbons)

C–OH

aromatic ring, –CH2–OH; C-OOH
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F i g . 6A � SEM image of a thin gel layer deposited on a
surface of a PVA foil (mechanically damaged by
severe bending)

F i g . 6B � Corrugation of a surface of a lower quality PVA
foil

F i g . 6C � SEM image of a thin gel layer deposited on such
an irregular surface

F i g . 7 � SEM image of the nanostructured titanie mem-
brane supported on plankton based silica



transparent layers with little extent of surface de-
fects were obtained. The exquisite transparency was
a unique property of layers prepared by the
surfactant templating. It is due to evolution of a
polymeric –O–Ti–O–Ti–O– structure by polycon-
densation, which is competitive to hydrolysis of the
initial alkoxide. Opaque layers formed of Ti(OH)4

precipitate were prepared for comparison also by
the sol-gel method but in the surfactant-free envi-
ronment.

The raw supported gels were thermally treated
at eight isotherms up to 873 K. The anatase crystal-
lographic structure became evident at 623 K as an
increased background, at 723 K a sharp peak from
the (101) plane diffraction was detected. The layers
treated above 823 K were already less transparent
due to larger extent of crystallisation. At 873 K the
micro-crystals of anatase were already well devel-
oped and observable by electron microscopy. At
this temperature (873 K) no phase transition of ana-
tase to rutile had appeared.

Mechanism of the decomposition of the used
surfactant was studied with the aim of determining
the minimum temperature at which its content is
substantially reduced while forming the TiO2 ma-
trix. Two significant stages were described, the first
one associated with the oxygen attack on the lesser
resistant hydrophilic chain; the second one starting
at 673 K associated with the decomposition of the
quinone fragment originating from the hydrophobic
part of the molecule. At 823 K the organic carbon
content in a layer was negligible.

SEM images and ellipsometry were used for
estimation of the thickness of layers prepared by the
multiple dip coating and then treated thermally in
oxygen at 673 K. The film thickness varied roughly
from 80 nm (2 cycles) to 400 nm (10 cycles) de-
pending on the number of coating cycles. Porosity
of a layer prepared in the three-cycle process was
calculated to be 51 %. Some of the raw gel layers
supported on quartz and PVA foils were extracted
by supercritical carbon dioxide before any thermal
treatment. It was shown that the SFE process signif-
icantly reduced the organic moiety, however, be-
cause of the geometrical constrains the complete
extraction of the surfactant was not possible. XPS
data confirmed that after the SFE the gels were al-
ready organised into the tetrahedral structure identi-
cal to that of anatase with the remaining surfactant
molecules tending to be organised around the form-
ing particles. Cheap and light plastic foils could be
utilised as supports with possible on-site activation
of the films. The thin layers with the anatase struc-
ture behaved as selective cut-off filters for wave-
lengths shorter then 365 nm.

We believe that the described titania layers
could be utilised as highly active photo- oxidation
catalysts or as a component basis for the new gener-
ation solar cells.59–63 The same applies for the
nanostructured membranes having their potential
utilisation in micro-membrane reactors with a sepa-
ration and photoactive zones in one. The two intro-
duced materials, that are the titania transparent thin
nanoparticulate layers and the nanostructured sup-
ported membranes, are closely related through their
physical and chemical properties. However, each of
the material must be seen as an independent system
in terms of its prospective applications.
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