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Layer by layer (LbL) self-assembled technique was used to fabricate TiO, films onto glass and
quartz slides. The LbL sequence was PAH/PSS/TiO,(PSS/TiO)s (PSS = poly(sodium-4-styrene sulfonate),
PAH = poly(allylamine hydrocloride)). These LbL thin films were characterized by Raman spectroscopy.
The Raman spectrum confirmed the formation of TiO, nanoparticles in the anatase phase which aver-

age size of the particles around 30 nm and thickness of the film estimated around 40 nm as determined
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by atomic force microscopy (AFM). The photodegradation of Congo red (CR) dye immobilized over the
LbL film was studied. Reference resonance Raman scattering (RRS) and Raman scattering (RS) spectra
of Congo red were recorded with the 514.5nm and 785 nm excitation laser lines. The photodegrada-
tion experiments were carried out by exposing the LbL TiO film/CR to UV radiation in a container with
distilled water. After UV exposure, degradation products were monitored by Raman spectroscopy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The layer by layer (LbL) self-assembly, is a established technique
to form thin solid films onto a variety of substrates from solutions
of materials with opposite charge [1,2]. Each exposure deposits
a reproducible quantity of material and reverses the charge on
the surface, leaving it primed for the next layer. These ultra-thin
films may be assembled on a substrate by alternating exposure
to solutions of different materials such as polyelectrolytes, pro-
teins, dyes, metals, and nanoparticles among others [3,4]. Their
structure and properties are strongly dependent on the chemical
nature of interacting materials, the concentrations, and the physic-
ochemical properties of the solutions, such as pH, ionic strength,
and temperature. Since these polyelectrolyte multilayers present
two-dimensionally stratified which are usually strongly interpen-
etrated, their behavior is dominated by internal interfaces, thus
differing from the corresponding bulk material. Nanoparticles of
TiO, has been immobilized in LbL films of PAH and poly(acrylic
acid) (PAA), and used as photocatalyst for iodine oxidation and
for decomposition of the dye methyl orange [5]. Titanium diox-
ide is a semiconductor with Egap =3.2 eV (388 nm), and it is widely
used as a photocatalyst due to its high efficiency and low cost. TiO,
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occur in three known polymorphic forms such as anatase, rutile and
brookite [6]. In general, the anatase form presents the better pho-
tocatalytic efficiency [7,8]. In environmental photocatalysis, TiO,
is used to eliminate contaminants from textile wastes, and also to
decompose pesticides and organochlorates [9]. Theoretical studies
discuss the photoinduced electron transfer in dye-sensitized TiO,
[10], an important approach for solar cells construction. The TiO,
films continue to attract attention and there are very recent stud-
ies focusing on the production of TiO, patterns [11], for potential
applications in selective adsorption of organic dye molecules in a
mesoporous TiO; film [12].

This work aims to prepare and characterize LbL thin films of
polymers/TiO, by Raman spectroscopy, which is a very accurate
technique to identify the phases of TiO,. In addition, the pho-
todegradation of Congo red (CR) dye adsorbed over the TiO, LbL film
was also investigated. The resonance Raman scattering (RRS) has
been used to characterize the CR thin film, once that the electronic
absorption of CR is in resonance with the laser line at 514.5 nm.

2. Experimental

The chemicals and solvents were supplied by Aldrich and Merck.
TiO, nanoparticles were prepared from hydrolysis of titanium
tetrabutoxide according to procedure from Ref. [4]. A solution of
isopropanol (30 mL) and titanium tetrabutoxide (30 mL) was slowly
added to 300 mL deionized water drop by drop under vigorous
stirring. To this mixture 2.0 mL of a 70% nitric acid (pH 2.0) was
added. The resulting solution was stirred for 2 h at room tempera-
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ture. The mixture was then heated to 80°C while stirring for 4 h.
The mixture solution was stirred overnight resulting in slightly
cloudy TiO, solution. UV-visible absorption spectra were obtained
using a Cary 50 UV-visible spectrometer. Atomic force microscopy
(AFM) measurements were performed on a Digital Instruments
NanoScope IV in noncontact tapping mode with a n+-silicon tip
(NSC 14 model, Ultrasharp) operating at a resonant frequency of
256 kHz. All images were collected with high resolution (512 lines
with 512 samples/line) at a scan rate of 0.5 Hz. The data were col-
lected under ambient conditions, and each scan was duplicated
to ensure that any features observed were reproducible. Raman
scattering experiments were conducted by employing a micro-
Raman Renishaw InVia system with laser excitation at 514.5 nm
and 785nm. All measurements were made in a backscattering
geometry, using 50x microscope objective with a numerical aper-
ture value of 0.75. The photodegradation experiments were carried
out by the exposing the LbL TiO, film/CR to UV radiation in a con-
tainer with distilled water illuminated by a low-pressure mercury
lamp (output at 254 nm, 16 W) kept at 10 cm distant from the TiO,
film/CR for 24 h. The irradiance of the light on the sample was
214 pWem—2.

3. Results and discussion

3.1. Fabrication of the LbL thin films containing TiO,
nanostructures

Glasses and quartz slides were cleaned using a oxidizing solu-
tion of water (5 parts), NH4OH (1 part) and H,0, (30%) (1 part)
and heating up to 85°C for 10min. The substrate was then
washed 6 times with distilled water and finally heated in dis-
tilled water for 20 min at 80°C. Poly(allylamine hydrochloride)
(PAH, Mw =70,000g/mol) and poly(sodium-4-styrene sulfonate)
(PSS, Mw =70,000 g/mol) were purchased from Aldricht and used
as received. Both polymers were dissolved in deionized water
(1g/L) and pH was adjusted to 2.0 by adding HCl. The LbL thin
films were fabricated by the alternated immersion for 20 min of
the substrate into PAH aqueous solution (pH 2.0) and then into
the PSS (pH 2.0), follow by immersion into the colloidal solu-
tions of TiO, (pH 2.0). After deposition of each layer, the substrate
was rinsed with distilled water for 30s. After the second layer,
only PSS and TiO, were used, and this sequence was repeated
five times. The film obtained is named PAH/PSS/TiO,(PSS/TiO;)s.
The deposition of TiO, nanoparticle layers was characterized by
UV-visible absorption spectroscopy, using the TiO, band gap as
reference. TiO, nanoparticles absorb below 380 nm down to the
instrumental limit (200 nm). TiO, adsorption was monitored at
236nm. The absorbance increased linearly with the number of
the TiO, layers as observed generally for the layer-layer films
containing inorganic particles [5]. UV-vis spectrum and a plot
of absorbance at 236 nm versus number of layer are showed in
Fig. 1.

The azo dye (CR) was immobilized on PAH/PSS/TiO,(PSS/TiO;)s
by dipping the film on a 10-3 mol L-! CR aqueous solution for 20 h
and followed by rinsing with distillated water and air drying.

The morphological characterization started with nanoparticles
in the colloidal solution of TiO, to be used in the fabrication of
the LbL film. The solution was dilute 100 times and one drop was
cast on a support and dried in air. Fig. 2A shows the AFM image
and the particle diameter was ca. 4.3 nm. The height is also about
4.3 nm. Fig. 2B shows AFM images of PAH/PSS/TiO,(PSS/TiO5 )5 film,
formation of aggregates is evident and the particle diameter is ca.
30 nm. Fig. 2C shows AFM images of PAH/PSS/TiO,(PSS/TiO, )5 film
thickness measurement (the film was scratched with a needle for
this measurement) that was 33.5 nm.
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Fig. 1. UV-vis spectra of PAH/PSS/TiO,(PSS/TiO3),_; thin films, where n is the num-
ber of TiO, nanoparticle layers, withn=1, 2,4, 6 and 8 (A) and absorbance at 236 nm
versus number of TiO, layers (B).

3.2. Vibrational characterization and resonance Raman scattering

Fig. 3 shows the Raman spectra of PAH/PSS/TiO,(PSS/TiO,)s LbL
film on a glass substrate and commercial anatase phase of TiO5.
Three strong peaks are observed in the LbL film that are assigned
to TiO, anatase phase [6,13] at 637 cm~1,515cm~! and 405 cm™1.
These peaks are broadened and the 405 cm~! band centre is slightly
shifted with respect to those of a bulk crystal (bottom traces), that
is observed at 395 cm~!. The observed broadening line and shift-
ing has also been shown in coupled CdS/TiO, systems [13], and it
is attributed to the breakdown of the phonon momentum selec-
tion rule, specific of the Raman scattering in ordered systems. In
the case of crystals of very small size, this rule is no longer valid
as the phonons are confined in space and all the phonons over
the Brillouin zone will contribute to the first order Raman spec-
tra. The weight of the off-centre phonons increases as the crystal
size decreases and the phonon dispersion causes an asymmetrical
broadening and the shift of the Raman peaks [14].

The CR dye was immobilized over PAH/PSS/TiO,(PSS/TiO; )5
film, by dipping the film on a 10-3 molar CR solution. Since CR in
solution is negatively charged and TiO,, the last layer, is positive,
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Fig. 2. AFM image of TiO, colloidal particles (A), AFM image of PAH/PSS/TiO,(PSS/TiO> )s thin film (B) and measurement of the film thickness (C).

the electrostatic attraction allows CR fixation over the TiO, film. The
Raman scattering spectrum of CR obtained with the 785 nm laser
line is presented in Fig. 4. The characteristic wavenumber of CR are
seen in very narrow section of the full spectrum, and this section is
shown in Fig. 4. The CR has an intense electronic absorption band at
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Fig. 3. Raman spectra of LbL PAH/PSS/TiO,(PSS/TiO; )s film and commercial anatase
TiO;.

498 nm and the excitation at 514.5 nm produces resonance Raman
scattering (RRS). However, there is strong fluorescence background
under 514.5 nm excitation. The fluorescence is quenched on metal
surfaces, as it is done in surface enhanced resonance Raman scat-
tering (SERRS) [15]. The SERRS spectrum of CR is given in Fig. 4. The
SERRS of CR is simply the enhanced version of the RRS spectrum
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Fig. 4. Raman spectra of Congo red powder excited with the 785 nm laser line and
SERRS of the CR on silver island film excited with the 514.5 nm laser line.
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Fig. 5. Raman spectra of CR film UV irradiated (top), CR over
PAH/PSS/TiO,(PSS/TiO; )5 film (middle) and RRS of CR at 514.5 nm (bottom).

with minor variations in relative intensities. Most important is that
this section of the complete spectrum can be used to characterize
the CR, and has been used to follow the mechanism of binding of
the marker dye Congo red in bio-medical applications [16].

PAH/PSS/TiO5(PSS/TiO, )5/CR thin film was irradiated for
24h using an Hg lamp. The Raman spectra of PAH/PSS/
TiO,(PSS/TiO, )5/CR film is shown in Fig. 5 before (middle traces)
and after UV irradiation (top traces). The RRS spectrum of CR is also
given as a reference. After irradiation several new Raman bands at
1578, 1541, 1476, 1333 (the most intense), 1206, 1191, 950 and
911 cm~! appear. The bands observed at ca. 1206 and 1191 cm™!,
have been discussed by Corio and co-workers [17] as products
detected in the spectrum of CR after electrochemical oxidation (+0.4
and +0.5 V). These observations point to the oxidation process of the
CR.

In the direct photocatalysis, both positive holes and hydroxyl
radicals have been proposed as the oxidizing species responsible for
initiating the degradation of the organic substrates [ 18]. This mech-
anism is important when photocatalytic oxidation is conducted in
the presence of water (as it was done on our experiment), the holes
are efficiently scavenged by water and generate hydroxyl radicals
OHe*, which are strong and unselected oxidant species in favor of
totally oxidative degradation for organic substrates. The process
may be represented as follows:

TiO, + UV light — e, + hij (1)
hyg + H20,45 — OH,gs® + HT (2)
hip + OH™ — OH,qs°* 3)
ecp + 02ads — 05 14 (4)

The aromatic rings are exposed to successive attacks by photo-
generated OH radicals, leading to hydroxylated metabolites before
the ring opening. Thus, the most intense new band at 1333 cm™!
could be tentatively assigned to C-N stretching of semiquinone as
was observed by Temperini and co-workers [19] on electrochem-
ical oxidation of anilinium ions intercalated on montmorillonite
clay. The band observed at 1191 cm~! was tentatively assigned to
C-H bending of benzenoid [19].

Characteristic Raman bands of CR (in SERRS and RRS) at, 1595
(phenyl ring), 1457 (N=N stretching), and 1155cm~! (N-phenyl),
appear with very low intensity after irradiation (Fig. 5). A decrease

in intensities could be assigned to process of photoisomerization of
CR. He and co-workers [20] have observed that the photodegrada-
tion process occurs simultaneously with photoisomerization. They
also observed that the relative intensity of some bands decreased
during irradiation and they correlated the intensity change with
trans < cis photoisomerization of azobenzenes.

4. Conclusions

TiO, thin films were fabricated LbL electrostatic self-assembly
method. The LbL TiO, thin film was characterized by Raman
microscopy. The TiO, nanostructures (anatase phase) formed in the
LbL film can be monitored in the Raman spectra thanks to the typ-
ical broadening of the Raman bands and small shift of the band
centre. AFM images corroborated the inelastic scattering results
and particle size of about 30 nm and film thickness of 33.5 nm was
determined.

The CR immobilized on the film was subjected to photocatal-
ysis. CR adsorption was achieved by the electrostatic attraction:
TiO, layer is positively charged while CR in solution is negatively
charged. Resonance Raman spectrum of CR dye immobilized over
TiO, shows the characteristic CR modes at 1596 cm~! (phenyl ring)
and 1155 cm~! ($p-Nazo stretching). After irradiation the film with a
UV lamp, a very crowded Raman spectrum is recorded with several
new bands, likely due oxidation process on CR molecule.
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