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Phtalocyanine and meso-tetraphenylporphine effects on
Ti10,/CdS nanocomposites photoactivity

M.C. ROSU", R.C. SUCIU, M. D. LAZAR, I. BRATU
National Institute for Research and Development of Isotopic and Molecular Technologies, 65-103 Donath Street, 400293,
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TiO, is extensively studied for photoelectrochemical applications due to its interesting chemical, electrical and optical
properties. However, TiO; has some limitations due to high band gap and, as consequence, an absorption in the ultraviolet
region of solar spectrum. The effects of phtalocyanine and meso-tetraphenylporphine, as sensitizer dyes, on TiO,/CdS
nanocomposites were investigated in order to extend the absorption spectra of TiO, in the visible area and to improve its
photocatalytic efficiency. The structural/morphological properties of the TiO,/CdS-sensitized nanocomposites have been
studied by X-ray diffraction, FTIR spectroscopy and microscopy and the optoelectronic properties have been investigated
using UV-VIS absorption spectroscopy and spectrofluorimetry.
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1. Introduction

Titanium dioxide is one of the most interesting
semiconductor oxides, which opened an important chapter
in the photoelectrochemistry field. It shows non-toxicity
and biocompatibility, chemical stability, corrosion
resistance, photocatalytic potential and optoelectronic
properties and it is found in considerable quantities at an
affordable price [1-4]. TiO, is an n-type semiconductor
due to oxygen vacancies [5-9] and it has a large band gap
(3.0-3.2 eV) [10 — 11]. As a consequence, it absorbs UV
radiation at wavelength A < 390 nm and therefore, TiO,
exhibits photoactivity in a narrow region of the incident
solar light reaching the surface of the earth (~5%) [11-13
12 - 14]. In this way, different methods are used to modify
TiO, nanoparticles [14 15], such as doping, sensitizing
with inorganic/organic compounds or associating with
other semiconductors [11, 16, 17].

Cadmium sulphide (CdS) is an n-type semiconductor
with a band gap of 2.42 eV; it absorbs the electromagnetic
radiation at ~ 495 nm, namely in visible range, the largest
region of the solar spectrum (ca. 46%) [13, 18-20].
Therefore, it is a promising material with suitable
properties (easy fabrication and long lifetimes) and higher
photoactivity (relatively narrow band gap, optical
absorption) [20, 21] for the use in solar cells, thin film
transistors, display devices, semiconductor lasers and X-
ray detectors [18, 28]. The association of TiO, with CdS
can induce synergistic effects, such as an efficient charge
separation, a recombination probability of the electron—
hole pairs diminished and an enhancement of
photostability [13, 19, 23, 243] with positive effects on
photoelectrochemical  properties and photocatalytic
activity [19, 20, 25].

The sensitizing of semiconductors with phtalocyanine
and porphyrin-based compounds is considered other way

to obtain more efficient photoelectrodes. Porphyrin-based
dyes are suitable as photosensitizers in solar cells due to
their capability of photon absorption in the light visible
domain, namely in the region of 400—450 nm (B or Soret
band) as well as 500-700 nm (Q bands). This behavior
leads to enhancing the efficiency in visible light absorption
of the semiconductor materials and increasing its
photocatalytic activity [26-28]. Phtalocyanines have
structures very similar to porphyrins, in exchange they
have superior chemical/photochemical properties and
thermal stability due to their rigid structures. Also, they
show absorption in the UV (Soret band) and the near IR
(Q band) spectral regions [29-33]. The mechanism of
sensitizing involves adsorption of dye molecules on the
semiconductor surface by physical or chemical
interactions, and electron injection from the excited dye
molecule into the conduction band of the semiconductor,
under visible light, causing an enhancing photoactivity of
semiconductor [34, 35].

The improvement of TiO,/CdS nanocomposite
photoelectrocatalytic performance by sensitizing them
with phtalocyanine and meso-tetraphenylporphine dyes
was the objective of this study.

2. Experimental details
2.1. Materials

TiO, powder P25 (anatase:rutile ratio = 4:1) was
kindly provided from Degussa AG, Germany; CdS was
obtain from Aldrich, Germany. The conductive indium tin
oxide glass (ITO, sheet resistance < 20 /square) were
procured from Praezision Glas&Optik, Germany. The
additives used to obtain the paste of TiO,/CdS were: agar
bacteriological (Oxoid Limited, England), acetylacetone
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(Merck, Germany) and Tween 80 (Merck, Germany). The
dyes used for sensitized TiO,/CdS nanocomposites were
phtalocyanine (Fluka, USA) and meso-
tetraphenylporphine low chlorine (4lfa Aesar, Germany).
The dichloromethane (Fluka, Germany) as solvent was
added to prepare the dye solutions.

2.2. Preparation of TiO,/CdS nanocomposites

In order to obtain a composite paste, TiO, and CdS
powders (4:1 mass ratio) were placed in a mixture of agar
bacteriological solution 0.01% and acetylacetone:Tween
80 in proportion of 2:1 volumetric ratio in order to obtain a
better dispersion and particle uniformity and to facilitate
also the spreading onto the conductive glass substrate. The
homogenized paste (by magnetic stirring) was deposited
onto ITO glass by spin-coating (5, 1000 rpm) and then,
the samples were dry freezed in the lyophilizer (Christ
Alpha 1-4 LD, Germany) at -60.7 °C and 0.028 mbar. In
the next step, the dried samples were annealed at 450 °C
for 30 min with 5 °C/min temperature increasing ramp (a
treatment usually used to remove the organic additives) to
establish the electrical contact between TiO,/CdS and
conductive ITO glass, to improve the composites
crystallinity, to induce higher degree of porosity and
greater thickness.

2.3. The sensitizing of the TiO,/CdS composites
The dyes used for sensitized TiO,/CdS

nanocomposites were: phtalocyanine (Pc) and meso-
tetraphenyl-porphine (TPP) (Fig. 1).

Ph Ph

Ph

b)

Fig. 1 Chemical formula of: a) phthalocyanine;
b) meso-tetraphenylporphine.

It was prepared three different solutions (in
dichloromethane as solvent) having the same
concentration (2x10*M): Pc, TPP and Pc/TPP solutions.
Pc/TPP solution was obtained by mixing in 1:1 volumetric
ratio of two initial solutions. Still warm at 100°C, the
TiO,-based composites on ITO glass were immersed in
prepared solutions and three samples were obtained: TCp,
TCrpp and TCprpp, depending on the dye solution used.
Another sample, named TC, was intentionally left non-
sensitized, as the standard-sample.

2.4. Characterization of TiO,/CdS nanocomposites
and solutions of Pc and TPP

X-ray diffraction (XRD) measurements were
performed using a BRUKER D8 Advance X-ray
diffractometer with nickel-filtered CuKa radiation (40 kV
and 40mA). The UV-VIS spectra were obtained using a
JASCO  V-550  spectrometer. The  fluorescence
measurements were carried out with ABL&E JASCO V
6500 spectrofluorimeter. The FT/IR spectra were recorded
on a JASCO FT/IR-6100 Fourier Transform Infrared
Spectrometer using KBr pellet technique. The surface
morphology of TiO,/CdS samples was obtained by FT/IR
microscopy (JASCO IRT - 3000 Irtron Infrared
Microscope). The N, adsorption—desorption isotherms
were measured with a Sorptomatic 1990 apparatus
(Thermo Electron Corporation) used for specific surface
area, pore volume and pore radius determinations.

3. Results and discussion
3.1. X-Ray diffraction studies

Fig. 2 shows the XRD patterns of all TiO,/CdS
nanocomposites. The XRD peaks for all samples are found
to indicate the presence of anatase phase (101), (004) and
(200) crystal planes (PDF card n. 21-1272), rutile (110)
crystal plane (PDF card n. 21-1276), and also the presence
of CdS cubic phase (1 1 1) and (2 0 0) crystal planes (PDF
card n. 89-0440) (Figure 2a). In the 5-25° 26 domain,
probably due to their crystallization after solvent
evaporation, the sensitized samples were found containing
also the crystalline phase of dyes, namely phtalocyanine
[36] and meso-tetraphenylporphine [37].
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Fig. 2 X-ray diffraction patterns of TiO,/CdS-based
samples: a) 25-85° 20 and b) 5-25° 26 domain.

3.2. UV-VIS absorption characteristics

The normalized UV-VIS absorption spectra of Pc,
TPP and Pc/TPP in dichloromethane are presented in
Figure 3a. The absorption spectrum of the TPP shows two
sets of bands due to the electronic transitions from the
ground state (Sy) to the lowest singlet excited states S; (Q
state) and S, (B state) [38]. The S;—S; transition gives
weaker absorptions associated with the higher wavelengths
(500-700 nm/visible region), while Sy—S, transition
produces the broad intense band in near UV region (400-
450 nm), according to the Q bands and Soret band,
respectively. The spectral absorptions appear due to the
electronic transitions © — * of the aromatic porphyrin
orbitals [26,27,29,31,38]. The Soret bands broadening are
due mainly to aggregation of porphyrins or a significant
number of monomeric porphyrins at the surface area [29,
39]. The UV-VIS spectrum of Pc exhibits two bands with
a lower intensity in the red visible region (Q bands)

attributed to the m — =w* transition in the Pc ring, in
accordance with the transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). The band at 417 nm (Soret
band), with a shoulder at 400 nm, is associated with the
mixed m© — n* transition and n — 7w* transitions [39]. In
visible spectral range of Pc two absorption bands appear at
690 nm and 655 nm with a shoulder at 635 nm; these
bands are attributed to monomeric phtalocyanine [41]. The
absorption spectrum of Pc/TPP shows, by bands described,
mainly the contribution of TPP, and also a weak
absorption at 690 nm ascribed to Pc absorption in red
visible region.

The TiO,/CdS nanocomposites (Figure 3b)
exhibit a strong absorption peak at 340 nm. There are no
major changes in the absorption spectra, mainly due to
physical adsorption of dyes on surface nanocomposite (by
absence of anchoring groups dye structures). However, the
appearance of weak absorption band at 420 nm for TCrpp
and TCppp samples can be seen, due to strong absorption
of TPP at this wavelength, which proves its presence on
the surface of composites.
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Fig. 3. a) Normalized UV-VIS spectra of PC, TPP and
Pc/TPP in dicholorometane and b) typical UV-VIS
spectra of TC, TCp,, TCrpp and TCp.rpp samples.
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3.3. Optical band gap determination

The band gap energies of all TiO,/CdS samples were
determined from UV-VIS spectra by linear extrapolation.
The edges of the absorption of the TiO,/CdS
nanocomposites were shifted to visible region. Thus, the
values of band gap energy in direct transition were higher
than TiO, band gap energy (3.0-3.2 e¢V) and lower than a
CdS (2.4 eV) one, also through the contribution of dye
molecules adsorbed on the surface nanocomposites
(Table 1).

Table 1. The values of band gap energy in direct
transition for all samples.

Sample’s name | Band gap energy value (eV)
TC 2.96
TCp. 2.82
TCrpp 2.73
TCpe/rep 2.54

150+

Pc
—TPP
100+ - - -Pc/TPP

50

Fluorescence intensity (a.u)

Wavelenght (nm)

a)

650 700 750 800

3.4. Fluorescence characteristics

The photoluminiscence behavior of Pc, TPP and
Pc/TPP have been investigated in dichloromethane and the
fluorescence emission spectrum (dex = 600 nm) is shown
in Figure 5a. The excitation at 600 nm is corresponding to
the HOMO-LUMO transition in molecules of Pc,
attributed to the m — «* transitions in the Pc ring. Intense
fluorescence bands at 657 nm and 655 nm for TPP and
Pc/TPP, respectively were obtained. Also, it appears an
almost imperceptible band at 656 nm for phtalocyanine. A
second fluorescence band appears at 694 nm for Pc as also
for Pc/TPP; meso-tetraphenylporhine  shows the
fluorescence emission at 710 nm. Under irradiation with
light at A = 320 nm, corresponding to the excitation in the
Soret region (not shown here), no fluorescence response
appear in the investigated spectral range.
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Fig. 5 Fluorescence spectra of: a) PC, TPP and Pc/TPP in dicholorometane and b) TC, TCp,, TCrpp and TCp./rpp samples.

Fig. 5b shows the effect of Pc and TPP on the
emission spectra of TiO,/CdS nanocomposites. No
significant changes in fluorescence spectra of TiO,/CdS-
based samples as a result of dyes molecules adsorbed on
surface of semiconductor composites were observed.

3.5. FT/IR studies

FT/IR spectra of phthalocyanine and meso-
tetraphenylporphine (KBr pellets) together with their
vibrational band assignment [42-44] are shown in Figure
6a. In the IR spectra of TiO,/CdS nanocomposites
(sensitized and non-sensitized) several common elements
appear: the infrared absorption spectra of phtalocyanine
and meso-tetraphenylporphine (Figure 6b). The IR spectra
of all TiO,/CdS nanocomposites are characterized by a the
broad band of O—H stretching vibration at 3441 cm™ and a
weak band at 1629 cm™ due to the deformation vibration

(H-O-H) of the physisorbed water molecules [45-48]. The
intense broad band located at 520-650 cm™ represents the
fundamental vibrations of TiO, described by stretching
vibrations of Ti—O bonds [45, 48]. The 1122 cm™ band can
be attributed to 6(Ti—~O—H) deformation vibration [45] of
different Ti-OH surface groups. In the 1750-900 cm’
spectral range (Figure 6b, inset spectrum), a number of
bands appear that are found in the infrared adsorption of
Pc and TPP, which demonstrates their adsorption on the
surface of nanocomposites. There are dye frequency shifts
in the sensitized composite FTIR spectra as compared to
the dye spectra. These frequency shifts can be probably
assigned to the physical interactions during the dye
adsorption onto the composite surface. The TCprpp
spectrum presents the absorption bands of bond vibrations
for both dyes, Pc and TPP, with small shifts in IR
spectrum.
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Fig. 6 IR spectra of Pc and TPP powders, inset: IR
spectra of TiO,/CdS samples in restricted area.

3.6. FT/IR microscopy details

The surface morphology of the samples obtained by
FT/IR microscopy in transmission mode (square
dimensions of 40x40 pm?) is very different. The Figure 7a
shows that the single composite presents a relatively
homogeneous distribution of particles. The Figure 7b
shows the appearance of crystalline Pc adsorbed on
composite surface, filiform shape with dimensions of
~10x5 pm, while TiO,/CdS nanocomposite sensitized with
TPP reveals larger crystals in the branched shape at
surface due to the presence of porphyrin-based compound

(Figure 7c). The FT/IR microscopy image of surface
TCperpp sample gives morphology information that
combines the contributions of both Pc and TPP (Figure
7d).

d)

Fig. 7 FT/IR microscopy images of: a) TC, b) TCp., c)
TCrpp and d) TCpe/rpp.

3.7. Nitrogen adsorbtion-desorbtion isotherms

The specific surface area, pore volume and pore
radius of the TiO,, CdS and TiO,/CdS nanocomposite
were determinate from N, adsorption—desorption
isotherms (at -196°C ), using the BET model for surface
area determination and Dollimor-Heal method for volume
and radius of pores. The N, adsorption—desorption
isotherms of TiO, powder are of type II with H3
hysteresis-loop (figure 8a), which indicates aggregates of
plate-like particles giving rise to slit-shaped pores [49].
The N, adsorption—desorption isotherms of CdS powder
(Figure 8b) are similar to that of TiO, (Fig. 8a) and for the
nanocomposite an intermediary hysteresis between H3 and
H4 with narrower pores (Figure 8c) is obtained.
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Fig. 8 Nitrogen adsorption—desorption isotherms of: a) TiO,, b) CdS and c) TiO,/CdS samples.
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The pore size distribution is wide in a range of 25-250
A for TiO, and 75-225 A for CdS (Figs. 9a and 9b). For
Ti0,/CdS nanocomposite (Figure 9¢) two types of pores
were distinguished: one with the pore radius, R < 50 A,
and the other one with a relatively large distribution
between 100 and 225 A with a maximum at 192 A. So,
the porosity properties of CdS are preserved in the
nanocomposite material and also the TiO, contribution
with smaller radius pores appear. The fraction of the small
pore radius appeared in nanocomposite being probably due
to the lyophilization process.
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Fig. 9 Pore distributions of: a) TiO,, b) CdS and c) TiO,/CdS
samples.

Table 2 shows several physical-chemical properties of
the TiO,, CdS and TiO,/CdS nanocomposite. It is
observed that the surface area and the specific pore
volume of composite are between those of TiO, and CdS.

Table 2. Summary of the physical-chemical properties of the

TiO,, CdS and TiO,/CdS samples.

Sample’s SgET Specific pore Radius pore
name (m*/g) | volume (cm’/g) size (A)
TiO, 423 0.05 20-250
CdS 554 0.13 75-225
TC 48.7 0.07 100-225
(TiOy/CdS)

4. Conclusions

In order to improve the photocatalytic activity of
titanium dioxide it was associated with a semiconductor
with absorption in visible region of the solar spectrum,
namely CdS. The effects of phtalocyanine (Pc) and meso-
tetraphenylporphine (TPP), as sensitizer dyes on TiO,/CdS
nanocomposites were also investigated in order to increase
the electrocatalytic performance of nanocomposite. The
TiO,/CdS  nanocomposites  could  improve  its
photocatalytic efficiency by formation of highly dispersed
composite of TiO, and CdS using nanosized materials.
The quality of these nanocomposite materials could be
also increased by an efficient charge separation, a
recombination probability of the electron—hole pairs
diminished and an enhancement of photostability. Also,
sensitizing the nanocomposites with phtalocyanine and
meso-tetraphenylporphine  causes a  photoactivity
improvement by the capability of the described dyes to
have an intense photon absorption in the visible light
domain and the ability of sensitizers to inject the
photogenerated electrons from the excited dye molecule
into the conduction band of the semiconductor, under
visible light action.
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